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Cyclopropane Structural Isomerization in Shock Waves

Peter Jeffers,*

Department o f Chemistry, State University College, Cortland, New York 13045 

David Lewis, and Michael Sarr

Department of Chemistry. Colgate University. Hamilton, New York 13346 {Received October 10, 1972) 

Publication costs assisted by Colgate University

The homogeneous unimolecular isomerization of cyclopropane has been studied in two independent sets 
of single-pulse shock tube relative rate experiments. Concentration of cyclopropane in argon ranged from 
0.25 to 10%, total final pressures were 0.5-7 atm, and temperatures were 970-1265°K, with residence 
times of 180-900 Msec. The results, corrected by RRK theory for falloff, are in excellent agreement with con
ventional, lower temperature investigations and are consistent with a rate constant k a = 1015 2 x 
exp(—65,000/RT) sec-1 .

Introduction

The structural isomerization of cyclopropane to form 
propylene has been investigated extensively in static sys
tems at temperatures of about 790-800°K.1-3 A first at
tempt to extend this temperature range upward by use of 
shock tubes was reported by Miyama and Takeyama,4 but 
their results were marked by extensive pyrolysis and thus 
were not precise enough for comparison with the earlier 
studies by conventional methods. Reports of two other 
shock tube investigations by Dorxo, et al. , 5 and Bradley 
and Frend6 appeared while this work was in progress. The 
former indicated reasonable agreement with the accepted 
Arrhenius parameters with low (0.1-1%) concentrations of 
cyclopropane in helium-argon diluent, (Ea = 65 kcal, log 
A = 14.5) but substantially different parameters with a 
mixture containing 5% cyclopropane (Ea = 33 kcal, log A 
= 8.2). The latter study indicated substantial disagree
ment with the accepted parameters and with Dorko, et 
al., at all concentrations tested and also showed a curious 
change in the activation energy at 1300°K (low TV Ea = 55 
kcal, log A = 11.9; high TV Ea = 11.6 kcal, log A = 4.75).7 
Barnard and Seebohm8 also studied cyclopropane pyroly
sis in a single-pulse shock tube and reported rate con
stants which agree fairly well with extrapolation of the 
low temperature work (Ea = 60.5 kcal/mol, log A = 14.2), 
but they also observed a noticable drop in activation ener
gy for decomposition above 1250°K.

The present paper reports two studies of cyclopropane 
structural isomerization using the single-pulse shock tube 
relative rate technique developed by Tsang.9 Two differ
ent size shock tubes were used, one at S.U.N.Y. Cortland 
and one at Colgate University, and different reactions 
served as the reference standards. We find that the results 
of the two relative rate studies are in good agreement with 
each other and with extrapolations of results from lower 
temperature static systems, over a considerable range of 
concentrations and pressures.

Experimental Section

Apparatus. The Cortland shock tube is constructed of 
3/4-in. i.d. Pyrex tubing and has been previously de
scribed.10 It has been modified to allow a sample to be 
taken directly from the shock tube with a gas-tight sy
ringe. The 10-cm i.d. stainless steel shock tube used at 
Colgate is also described elsewhere.11

Materials. Mixtures shocked at Cortland were prepared 
with cyclopropane (Matheson), cis-2-butene (Phillips Re
search Grade) and argon (Linde High Purity). Reactant 
concentrations were 1% each :n argon or 10% cyclopro- 
pane-1% cis-2-butene in argon. Mixtures shocked at Col
gate contained either 0.25 or 5.0% cyclopropane (Mathe
son) and 0.25% tert-butyl alcohol (Brothers Chemical Re
search Grade) in argon (Matheson Ultra-High Purity). 
The cts-2-butene and ferf-butyl alcohol were included

3037
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TABLE I: S hock C ond itions
A. Experiments Run at SUNY Cortland

Set
A/cis-2-
butane

Initial
sample

pressure
range,
Torr

Driver
gas

pressure
range,
psia

Reflected shock condit ons

Reaction
T range, time, 

°K P. atm Msec

1 (7 /3 0 /7 1 ) 1 % /1  % 180-280 100-105 975-1265 6-7 180-240
2 (1 2 /2 8 /7 1 )
3 (1 0 /7 /7 1 ) 10% /1% 100-200 100-105 970-1220 6-7 180-240
4 (1 2 /3 0 /7 1 )

B. Experiments Run at Colgate

Initial Driver Reflected shock conditions
sample gas

A /(erf- pressure pressure Reaction
butyl range, range, T range, time,

Set alcohol Torr psia °K P, atm Msec

A 0.25% /0.25% 16-27 « 5 1010-1235 0.5-0 .7 800-900
B 0.25% /0 .25% 60-94 ~  20 1025-1165 1.9-2.1 800-900
C 5.0% /0 .25 17-27 ~  5 1040-1195 0.5-0 .7 800-900

in the reactant mixtures as standards for the relative rate 
measurements.

Analyses. Gas chromatographic analysis of the cyclopro- 
pane-cts-2-butene mixtures were performed on a Hewlett- 
Packard 5750 chromatograph with hydrogen flame detec
tor, using a Yé in. X 6-ft AgNC>3 saturated diethylene gly
col column in series with a % in. X 12-ft silicone gum rub
ber column. Peak areas were measured by triangulation 
and calibrations indicated that the relative sensitivity of 
cyclopropane-propylene was 1.18 and trans-2 -butene-cis- 
2-butene was 1.00.

Analysis of the cyclopropane-tert-butyl alcohol 
mixtures was performed on a Varían Aerograph 1440-20 
chromatograph with hydrogen flame detector, using the 
above column. Peak areas were determined by the cut- 
and-weight method. Calibration samples were run before 
and after each day’s runs.

Shock Conditions. Experimental conditions are sum
marized in Table I. Temperatures behind reflected shocks 
were calculated for measured extents of cis-2-butene 
isomerization or terf-butyl alcohol decomposition. Resi
dence times were determined from oscilloscope records of 
BaTiC>3 gauge pressure histories on both shock tubes. As 
the relative rate method was used, no corrections to mea
sured residence times were made for the finite cooling 
process. Mylar and aluminum diaphragms were used at 
Cortland and Colgate, respectively.

Calculations. Rate constants for cyclopropane and tert- 
butyl alcohol were calculated from the measured resi
dence times and gas chromatographic analyses using the 
integrated form of a nonreversible first-order rate equa
tion. The 2-butene rate constant calculation used the in
tegrated form of a reversible first-order rate equation.10 
All first-order rate constants are in units of sec-1 .

Results

The relative rate plots of log ^(cyclopropane) us. log 
fc(2-butene) or log k(tert-butyl alcohol) are presented in 
Figures 1 and 2, respectively. The slopes, intercepts and 
deduced values for log fe(cyclopropane) are entered in 
Table II. These deduced values for log k(cyclopropane) are 
based on the following values for the rate constants of the 
standard reactions: log fe(cis-2-butene — trans-2-butene)

Figure 1. Relative rate plot of Cortland experiments: O, 1% cy
clopropane, 1% c/s-2-butene, 7 /3 0 /7 1 ; • ,  1% cyclopropane, 
1% c/s-2-butene, 1 2 /28 /7 1 ; T,  10% cyclopropane, 1% c/s-2-bu- 
tene, 1 0 /7 /7 1 ; A , 10% cyclopropane, 1% c/s-2-butene, 1 2 / 
30 /71.

= 14.62 — 66,200/4.SST^K (see Discussion section for jus
tification of this value) and log fe(ieri-butyl alcohol —► 
isobutene) = 14.6 — 66,200/4.58T°K.11 In Figure 1, the 
uncertainty limits log A = ±0.5, Ea = ±3000 reflect one 
standard deviation plus the uncertainty in the reference 
reaction. An earlier report on this type of study10 listed 
uncertainties in log A of about ±0.2, but this did not in
clude the uncertainty in the standard reaction parame
ters.

In Figure 2 the least-squares reductions indicate maxi
mum standard deviations of log A and Ea of about 0.20 
and 1000 cal, respectively, for the three lines. However, 
since the uncertainty associated with the standard reac
tion is on the order of log A = ±0.4, Ea = ±1800 cal, 
overall uncertainties for the cyclopropane isomerization 
parameters are estimated at log A = ±0.5, Ea = ±2500 
cal. There was a slight overlapping of cyclopropane-pro-

The Journal of Physical Chemistry, Voi. 17, No. 26, *973
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Figure 2. Relative rate plot of Colgate experim ents: set A, 1/4% 
cyclopropane, 1/4% ferf-butyl a lcohol, « 2 0  Terr; set B, 1/4% cy
clopropane, 1/4% fert-butyl alcohol, « 8 0  Torr: set C, 5% cyc lo 
propane, 1/4% ferf-butyl alcohol, « 2 0  Torr.

TABLE II: Rate Constants for Cyclopropane Isomerization 
Derived from Figures 1 and 2

Figure Slope In te rcep t log k(cyc lop ropane  —► propylene)“

1 0.968 0.66 14.8 - (64.1 X  103)/4.58T°K
1(A) 0.9583 0.522 14.51 - (63.4 X  103)/4.587"°K

2 7(B) 0.9533 0.56s 14.48 - (63.1 X  103)/4.58T°K
((C) 0.9280 0.59s 14.15 - (61.5 X  103)/4.58T°K

“  See text fo r uncerta in ties.

pylene and propylene-isobutene peaks, with possibly a 
systematic high measurement of propylene or low mea
surement of isobutene concentrations which would be 
most significant for the low-71 region of set C. For this 
reason, the Arrhenius parameters deduced from sets A 
and B are preferred from the Colgate cata. However, it 
should be noted that the low-temperature disagreement of 
set C is slight, and the three sets are ir. complete agree
ment at high temperatures.

In Figure 2A, there are a number of data points to the 
right of the dotted vertical line. These represent tempera
tures above 1200’ K, where substantial amounts of allene 
and propylene (which had the same retention time on this 
column) are formed as side products from the ferf-butyl al
cohol decomposition.11 In calculating extents of cyclopro
pane isomerization for these points, the amounts of allene 
and propylene produced from ferf-butyl alcohol, as esti
mated from a separate series of experiments on a mixture 
containing 0.25% ferf-butyl alcohol in argon, were sub
tracted from the apparent concentrations of propylene. 
Because of the extensive formation of side products and 
relatively higher scatter of these runs, they were not in
cluded in the least-squares reduction of set A. However, 
they are included in Figure 2 to show that there is no ap

parent deviation from linearity in the relative rate plot at 
these higher temperatures.

Discussion

The description just given of side products found at the 
highest temperatures of these studies implies free radical 
processes. The active species involved here could lead to 
chain reactions which might seriously confuse the kind of 
relative measurements which we report. However, our 
studies employed different standards reacting by consider
ably different types of mechanism; our concentration 
ranges were usually wide for shock tube work; and pres
sures and residence times varied widely. The absence of 
any serious divergence of any of our results strongly 
suggests that interaction of the cyclopropane decomposi
tion and the internal standard reaction was negligible, 
and relative rate results may be considered valid. The ac
curacy of any relative method obviously depends on the 
accuracy with which the standard reaction parameters are 
known. The Cortland standard was cis-2-butene which 
had previously been evaluated in the same relative way 
using ferf-butyl alcohol,10 thus making the cis-2-butene a 
secondary standard. The value fc(ci.s-2-butene) = 1014-62 
( 66,200/727’) used in this study differs from the value 
reported earlier10 of fe(«s-2-butene) = 1013-38 exp(-61,600/ 
RT) and reflects the revised value11 for ferf-butyl alcohol 
decomposition; fe(ferf-butyl alcohol) = 1014-6 e x p (-66,200/  
RT) sec-1 . Since the Colgate measurements employed 
fert-butyl alcohol as standard, all the results reported are 
really relative to ferf-butyl alcohol. In fact, Lewis’11 value 
for ferf-butyl alcohol decomposition was obtained in a 
similar relative rate experiment with cyclohexene decom
position to C2H4 + C4H6 as the standard, so that the real 
primary standard is cyclohexene. Tsang has found values 
for cyclohexene decomposition of k = 101502 exp(—66,700/ 
RT)i2a an(j k = io15-30 exp(—66,940/f?71),12b over a tem
perature range of 950-1150°K. Uchiyama, Tomioka, and 
Amano13 report k = 101518 expt-OO^OO/.RT1) for 814- 
902°K. Extrapolation of the Arrhenius plot for these three 
studies passes through the rate constants found by Smith 
and Gordon14 from 698 to 808CK, although they report 
quite different Arrhenius parameters. The consistency of 
all these studies covering a 700-1150°K temperature span 
appears to fix the activation energy to ±0.3 keal/mol and 
log A to ±0.2 for our primary standard reaction of cyclo
hexene decomposition.

A comparison of the relevant low- and high-temperature 
work is displayed in Figure 3. Benson and O’Neal’s15 pre
ferred value for cyclopropane isomerization is also includ
ed over the entire temperature range of the graph for ref
erence. The Arrhenius parameters derived from Figure 3 
are listed in Table III. All the low-temperature results 
shown have been corrected for unimolecular fall-off, as 
have the results of Dorko, et a i5 However, the graph 
shows directly the experimental rate constants from this 
study and from Bradley and Frend.6 Figure 3 indicates no 
serious discrepancy between the conventional studies and 
the shock tube findings cf Dorko, et al. , 5 and of this 
study, even without consideration of falloff corrections. 
Barnard and Seebohm’s results, not shown in Figure 3, 
cut across the “ Colgate” line. Below 1250°K they are in 
reasonable agreement with the present results and with 
Dorko’s5 data. Bradley and Frend’s6 results appear slight
ly low and may reflect the kind of systematic uncertainty 
often associated with absolute shock tube measurements. 
These systematic uncertainties are clearly absent from
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Figure 3. Arrhenius plot for cyclopropane isom erization: O, 
Cortland results, this s t jd y ;*  A , Colgate results, this s tudy;* • ,  
Dorko, el  al. ;5 ▲, Bradley and Frend;6* t  ▼, Falconer, et al.;3 
V , Chambers and K istiakow sky;1 □ , Corner and Pease;2 
dashed line, Benson a rd  O 'N eal,15 preferred value. ( * N o t co r
rected for unim olecular fa lloff. See text for amount of correction 
to be added, t  Dotted ine is the correction mentioned in foo t
note 7.)

TABLE III: Cyclopropane Isomerization Parameters

Source T range. 3K Log A E¡

Chambers and K istiskow sky1 743--8C1 15.17 65.0
Corner and Pease2 713--793 14.89 65.2
Falconer, et al.3 693--8C7 15.45 65.6
Benson and O 'N eal15 15.2 65.5
Barnard and Seebohm“ 860--1220 14.2 60.5
Bradley and Frend6 “ 1060--1300 11.9 55
Dorko, et al.5 935--1397 14.5 65.1
This study (Colgate)6 1010--1235 14.5 63.3
This study (C ortland)6 1000--1300 14.8 64.1

“ Not corrected for unimolecular falloff. 6 Not corrected for unimolecu
lar falloff. RRK correction gives exact agreement with Benson and 
O'Neal's value.

relative shock tube studies where the major uncertainty is 
in the values assumed for the reference reaction Arrhenius 
parameters.

The importance of unimolecular falloff effects was eval
uated from RRK theory following Golden, Solly, and Ben
son’s16 findings that the RRK and RRKM results are 
comparable, with considerably less labor involved in the 
RRK calculations. Details of the calculations are given in 
Table IV. The effective number of oscillators, S, was 
taken as Cvn,/R again following the suggestion of Golden, 
Solly, and Benson.16 For B = E m/RT, a value of 65.5 kcal 
was used, and A „  = 1015-2 was included in the parameter
D. Collision efficiencies of 1.0, 0.07, and 1.0 were assumed 
for cyclopropane, argon, and 2-butene, respectively.3 
Table IV indicates that the Cortland results on Figure 3 
should be raised about 0.1 log unit at tine low-temperature 
end and about 0.2 log unit at the upper temperature

TABLE IV: RRK Falloff Calculations

Temp, °K

1000 1100 1200 1300

6 “ 32.8 29.8 27.3 25.2
S6 13.8 14.5 15.2 15.8
Dc 5.93 5.88 5.89 5.90
l(B,S.D)d 0.75 0.68 0.66 0.63
VT 1.33 1.47 1.51 1.59
Log (1 //) 0.12 0.17 0.18 0.20
io4/r 10.0 9.1 8.3 7.7

=  f  /R T = 65,500/RT. 0 S = Cvib/R Note that for cyclopropane,
J -  6 = 21 itotal oscillators. S =  effective oscillators. c D =  log

(A^/k,M), k, = collision frequency, M = effective total concentration. 
A „  = 1015 2 sec-1 . Concentrations are for the Cortland experiments. 
d i(B,S.D) — k /k  „ . Values taken from Emanuel's table.17

limit. These corrections give nearly exact coincidence with 
the line representing Benson and O’Neal’s preferred value. 
The total effective density in the Colgate experiments was 
almost a factor of 10 lower than in the Cortland system, 
so that the calculated falloff correction amounts to 0.45 
log unit at the high-temperature end, and Figure 3 shows 
that this correction leads to excellent agreement with 
Benson and O’Neal’s value as well as with the Cortland 
results. Note that the line of Dorko, et al. , 5 is slightly low 
in comparison, but the disagreement hardly seems serious. 
The same can be said of Barnard and Seebohm’s data.8

Evaluation of the falloff correction for the 2-butene and 
terf-butyl alcohol used as standards indicated that these 
reactions were essentially within the high-pressure region, 
since the effective number of oscillators is considerably 
larger than with cyclopropane.

One other relative rate measurement can be mentioned. 
In a direct relative rate comparison of cyclopropane and 
cyclohexene,18 the rate constant found for cyclopropane 
was k = 1015-26 expl-ee^OO/RT1), in excellent agreement 
with the relative rate results of this study.

There remain several observations which are not com
pletely explained. The first is the reported Arrhenius pa
rameters of Dorko, et al. , 5 for 5% cyclopropane which were 
Ea ±  33 kcal and log A = 8.2. The second is the decrease 
in activation energy above about 1300° which both Brad
ley and Frend6 and Barnard and Seebohm8 found.

The relative rate experiments of this study were specifi
cally designed to check the effects of high cyclopropane 
concentration. However, both the Colgate 5% cyclopro
pane and the Cortland 10% cyclopropane experiments 
agree reasonably with the lower concentration findings. 
We suspect that high concentration of reactant may cause 
perturbation of the shock wave leading to the kind of dif
ficulty mentioned by Dorko, et al. , 5 with their 5% mix
ture, particularly with a reaction as exothermic as this 
one. The relative rate results are apparently much less 
sensitive to such deviations from ideality, as one would 
expect for systems closely matched in activation energy. 
This insensitivity to nonideal conditions is certainly a 
most attractive feature of the relative techinque.

We can only speculate about the isomerization of cyclo
propane above 1300°K. However, several points to consid
er are based on the very large per cents of conversion to 
products at these temperatures. With conversions above 
90% the effects of boundary layer cooling could become 
significant.19 In addition, as conversion approaches 99%, 
rate constants should be evaluated with consideration of
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the reverse reaction, since Keq falls to about 1000 by 
1300°K.20

Dorko and coworkers21 have recently published results 
of their efforts to find experimental evidence for an inter
mediate species involved in cyclopropane isomerization, 
and have suggested a five-step mechanism. We have al
ready stated that we feel their parameters are in reason
ably good agreement with the extrapolation of low-tem
perature studies. Further, we can see no clear proof that a 
five-step mechanism is a better explanation of cyclopro
pane isomerization than the accepted unimolecular mech
anism. In fact, some of the proposed parameters are quite 
inconsistent with the physical mcdel which they repre
sent—for example, the activation energy value of 32 kcal/ 
mol for k6 (rearrangement of excited intermediate to form 
product. Rearrangement should involve only a lifetime or 
time lag for energy redistribution; there can be no activa
tion energy.)

In conclusion, “he shock tube relative rate measure
ments reported here are in good agreement with each 
other and with lower temperature studies of cyclopropane 
structural isomerization by conventional methods. It ap
pears from this smdy that if any unexpected perturba
tions are occurring, both the cyclopropane and the two 
different references standards used must have been af
fected to exactly the same extent. There appears to be no 
strong evidence to support a questioning of currently ac
cepted unimolecular reaction rate theory or its application 
to the cyclopropane system below 1300°K.

However, some additional experimental work at tem
peratures above 1300°K is probably warranted. We would 
suggest especially a single-pulse shock tube study in 
which both the incident and reflected shock temperatures 
would be measured which should allow a check on the 
ideality of shock structure. Perhaps even more useful in
formation could be gained from a study employing the 
laser schlieren interferometry technique which would 
measure directly the heat release as the isomerization pro
ceeds.
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The quenching of R'u(bipy)32+ luminescence by anthracene, frans-2-styrylpyridine, trans-4-styrylpyri- 
dine, mms-stilbene, and ets-l,3-pentadiene has been studied in deoxygenated fluid solutions. Both the 
changes in quenching activity with triplet energy (Z?t ) of the quencher and data for the Ru(bipy)32+ sen
sitized olefin cis-trans isomerization support efficient triplet-triplet electronic energy transfer from the 
Ru(bipy)32+ excited state to anthracene, the styrylpyridines, and stilbene. Electronic energy transfer to 
cts-l,3-pentadiene is energetically unfavorable and little quenching activity could be detected using this 
quencher.

Discussion surrounding the deactivation of the excited 
state of Ru(bipy)32+ either by electron transfer1 or by 
electronic energy transfer2 -3 to quenchers has not included 
consideration of experiments involving quenchers having a 
known behavior in a role as an acceptor of triplet excita
tion from a well-characterized donor. Adamson1 correlates 
the Stern-Volmer constants for quenching of the Ru(bi- 
py)32+ triplet state by Co(NH3)s(X)2+ (X = F- , Cl- , 
Br- , NH3) with the ease of reduction of the Co(III) com
plex, but the results could be rationalized as well by cor
relating quenching rates with the energy of the lowest 
spin-allowed d-d absorption. The sensitized Co(III) -* 
Co(II) reduction,1-3a’b the sensitized aquation of
PtCl42 -,2a and the sensitized reactions of oxalato com
plexes30 are not judicious choices to characterize the elec
tronic energy transfer ability of a new triplet donor since 
the excited states responsible for these reactions are not 
well established. The qualitative observation26 of Ru(bi- 
py)32+ sensitized Cr(CN)63- emission provides unequivo
cal spectroscopic evidence to invoke electronic energy 
transfer as at least one component of a quenching mecha
nism. It is known4 that certain organic quenchers can be 
used to characterize the donor properties of triplet sensi
tizers, and we now report some results of Ru(bipy)32+ lu
minescence quenching by organic quenchers.

Results

Quenching of the luminescence of Ru(bipy)32+ was in
vestigated using anthracene (ET = 42 kcal/mol),4 trans- 
stilbene (ET = 49 kcal/mol),5 trans-2-styrylpyridine (ET 
= 50 kcal/mol),6 trans-4-styrylpyridine (ET = 50 kcal/ 
mol),6 and cis-l,3-pentadiene (£ T = 57 kcal/mol).5 Typi
cal Stern-Volmer plots for quenching are shown in Figures 
1 and 2 and the data are summarized in Table I. From the 
two figures it is seen that the slope of the Stern-Volmer 
plot changes by a factor of about 3.5 in aerated compared 
to deoxygenated solutions consistent with competitive 
quenching of the Ru(bipy)32+ state by O2. Little or no 
quenching activity could be ascribed to cis-l,3-penta- 
diene.

In Figure 3 the quantum yield for the Ru(bipy)32+ sen
sitized trans -  cis-stilbene isomerization as a function of 
trans-stilbene concentration is given and the limiting (f^c

is 0.44 ±  10%. The limiting $t_ c was cetermined by re
peated determinations of the observed quantum yield at a 
given stilbene concentration followed by correction for in
complete quenching of the Ru(bipy)32+ triplets. The 
amount of quenching was measured by comparing the rel
ative luminescence intensities of Ru(bipy)32+ with and 
without added irans-stilbene. As can be seen in Figure 3 
the inverse of the limiting <f>t^c fads in a position consis
tent with an extrapolated value from the concentration 
data. This latter result is taken as verification of the in
ternal consistency of the results. An equivalent check of 
internal consistency for different stilbene concentrations is 
found in the comparison of the information in Figures 2 
and 3. For example, consider the data at 0.02 M  and 0.05 
M trans-stilbene; the values are 0.12 and 0.21, re
spectively, while the fractions of Ru,bipy)32 + triplets 
quenched are 0.225 and 0.422, respectively. Adjusting the 
0t_.c values for the fact that 100% of the triplets were not 
intercepted gives 0.53 and 0.50 in good agreement with 
each other and the limiting 4>ty c value. Initial limiting 
Ru(bipy)32+ sensitized trans —» cis isomerization quan
tum yields for 4-st,yrylpyridine and 2-styrylpyridine were 
found to be 0.4 ± 0.05. Finally, large amounts of the cis 
isomer are found at the photostationary state achieved by 
Ru(bipy)32+ sensitization: stilbene (95.0 ±  1.0%), 2-styr
ylpyridine (91.5 ±  2.0%), and 4-styrylpyridine (96.5 ±  
1.0%).

Discussion

The results outlined above are consistent with the con
clusion that the Ru(bipy)32+ behaves as a normal triplet 
donor (sensitizer) with respect to the acceptors studied. 
Both energetics and the isomerization data support this 
conclusion. The energetic dependence of the acceptor 
triplet level relative to the donor triplet level is as expect
ed: the ci.s-l,3-pentadiene triplet at ~57 kcal/mol is ap
parently inaccessible with the ~49 kcal/mol available 
from the Ru(bipv)32+; having a nearly isoenergetic triplet 
level frans-stilbene, trans-4-styrylpyridine, and trans-2- 
styrylpyridine (£T = 49 kcal/mol) quench but not as ef
fectively as anthracene (£ T ~ 42 kcal/mol) where the 
energy transfer is clearly exothermic. None of the quench-

The Journal of Physical Chemistry, Vol. 77, No. 26, 1973



Quenching of the Luminescent State of T ris (2 ,2 '-b ip y ) Ru (I i)

Figure 1. S te rn -V o lm e r p lo t fo r qu ench in g  of R u (b ip y )32 + lu m i
ne scence  by a n th ra ce n e  in ae ra ted  (O ) and degassed ( • )  so
lu tions a t 25°.

TABLE I: Quenching of Ru(bipy)32+ Luminescence

Quencher
ÉT.

keal/m ol kqTa k f>

A nth racen e 42 15 0 0 2 .2  x  1 0 9
fra n s -2 -S ty ry lp y ri l in e ~ 5 0 30.9 4 .5  x  1 0 6
fra n s -4 -S ty ry lp y rid in e ~ 5 0 29.2 4 .3  X  1 0 6

frans-S tilbene 49 14 .7 2.1 X 106
c/s-1 ,3 -P en tad le ne 57 ~ 0 ~ 0

“ Slope of S te rn -V o lm e r p lot, cf. F igure 1,2; kq is the quenching con 
stant and t is the life tim e  of the  R u(b lpy) 32+ excited state in the absence 
of quenchers. " Assum ing r  =  0.685 X 10-6  sec, ref 2.

ers studied have an energetically available singlet excited 
state to account for the quenching activity.

The fact that an electronically excited state of trans- 
stilbene is produced upon deactivation of the Ru(bipy)32+ 
excited state is evidenced by the production of cfs-stilbene 
from the trans isomer. This isomerization represents 
movement away from the thermodynamic ratio' of this 
isomeric pair. Similar reasoning can be used to invoke ex
cited state formation for the frans-styrylpyridines. Fur
ther, the limiting <bx_̂ c is near that for the benzophenone 
triplet sensitized reaction8 for all three olefins implicating 
very efficient electronic energy transfer from the Ru(bi- 
py)32+ excited state resulting in information of the olefin 
triplet which decays in a characteristic way. Further, the 
large fraction of the cis isomers present at the photosta- 
tionary states is consistent with electronic energy transfer 
from a donor of substantially lower £ T than the = 57 kcal/ 
mol5 associated with cis olefin.

Finally, we note that both the efficient quenchers, an
thracene and frans-stilbene, are substantially more diffi
cult to reduce (£ 1/2 vs. see =  -2 .2  and -1.94 V. respec
tively)8 than the poor quenchers1 Co(NH3)63t and 
Co(NH3)5F2+ (£12 vs. see = -0.44 and -0.33 V. respec
tively).9 In this regard our results, at the very least, show 
that ease of reduction is not a necessity to deactivate the 
Ru(bipy)32+ excitec state with high quenching constants.

Experimental Section
Materials. The Ru(bipy)3Cl2 was a gift from G. S. Pat

terson. The quenchers used are commercially available: 
cis- 1,3-pentadiene (Chemical Samples Co.) frans-stilbene 
and 4-styrvlpyridine (Eastman Chemical Co.), 2-styrylpy- 
ridine (Chemical Procurement Labs. Inc.) and anthracene 
(Baker Chemical Co.). The same solvent system (ethanol: 
benzene 2:30 by volume) was used in all experiments.

Quenching Experiments. Luminescence spectra were 
obtained using an Aminco-Bowman emission spectropho-
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[  t ra r s -  stilbene]

Figure 2. S te rn -V o lm e r p lo t fo r qu ench in g  o f R u (b ip y )32+ lu m i
ne sce n ce  by fra n s -s tilb e n e  in ae ra ted  (O ) and degassed (0)  
so lu tio ns  at 25°.

10 2 0  30  40  50
[ irons -s t i lb e n e ]'1

Figure 3. Q uantum  yie ld  de te rm in a tio n  fo r Ru (b lp y )32 + sen s i
tized  trans -7- c /s -s tilb ene  convers ion  as a fun c tion  o f trans- 
stilben e  co n ce n tra tio n  ( # ) .  The im iting  quan tu m  yie ld  (▲ ) was 
de te rm in ed  by co m pensa ting  fo r la c k  of 100%  quench ing  o f the 
R u (b ip y )22+ exc ite d  sta tes in separa te  m e asu re m en ts .

tometer. Typically 3.0-ml solutions of ~1CR3 M  Ru(bi- 
py)32+ with variable quencher concentrations were placed 
in 13 X  100 mm test tubes with constrictions and de
gassed by several freeze-pump-thaw cycles. The samples 
were hermetically sealed and relative luminescence emis
sion quantum yields measured.

Isomerization of Olefins. Quantum yields for the Ru(bi- 
py)32+ sensitized trans —* cis olefin conversion were mea
sured using a merry-go-round13 apparatus equipped with a 
550-W Hanovia Hg lamp and Corning glass filters to iso
late the 436-nm Hg line. Light intensity was measured 
using ferrioxalate actinometrv.11 Analysis for olefin isom
erization was carried out using a Varian 1400 flame ion
ization gas chromatograph equipped with a 6 ft x V8 in. 
5% DECS or a 6 ft X  V8 in. 3% SE-30 column operated at 
= 160°. Prolonged irradiation at 436 nm was required to 
achieve a photostationary state and darkening of the solu
tions was observed, but approach to the photostationary 
state was monotonic.
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Deiodination and isotopic-exchange processes are employed for determining the photodissociation yields 
of various iodoaromatic molecules in solution as a function of temperature and excitation wavelength. In 
the case of 1 -iodonaphthalene the direct-excitation yields are compared with those obtained by photo- 
sensitization with benzophenone. The data indicate that dissociation takes place after thermal relaxation 
from either singlet or lowest triplet states. Photodissociation of these two excited states exhibits a differ
ent temperature dependence. Rate constants for the reaction of phenyl radicals with aromatic scavengers 
are determined and discussed along with the possibility of H-atom migration within the radical ring.

Introduction
In previous publications1 we proposed a mechanism 

consisting of reactions 1-3 to account for the competition 
between the photoinduced exchange and deiodination in 
iodobenzene (Phi) solutions in the presence of radioactive 
iodine (I1 3 1I).

■ hv Ph- + I- (1 )
*2— *- oxidation products (2 )

*- I2 (deiodination)

—*- Phi131 + I- (exchange) (3)
The final consequences of light absorption by the sys

tem are thus determined by the competition between dis
solved oxygen and iodine on the phenyl radicals produced 
by photodissociation of iodobenzene. Alternative mecha
nisms, such as exchange induced by photodissociation of 
I2, or via excitation of the PhI-I131I charge-transfer com
plex, were ruled out. The observation that the photocleav
age of iodobenzene (1 ) is wavelength dependent in the uv 
range, where part of the absorbed light leads directly to 
the triplet state of the molecule, raised questions relevant 
to the nature of the primary photodissociation step of 
iodoaromatics in solution. In the present work we have 
carried out photochemical experiments bearing principally 
on the following points, (a) The applicability of the pro
posed mechanism to other iodoaromatic molecules, (b) 
The details of the primary photodissociation step, such as 
the exact roles of the excited, thermalized, or nonthermal-

ized singlet and triplet states, (c) Properties of the aryl 
radical, related to its reactivity with added solutes and to 
the possibility of H atom migration along its ring.

The results lead to a new insight into the photodissocia
tion of iodoaromatics in solution for which only qualita
tive information was available.

Experimental Section
(a) Materials. All details concerning iodobenzene, io

dine, iodine-131 and methylcyclohexane have been pre
viously described. 1 o- and m-iodotoluenes (BDH) were pu
rified by vacuum distillation in a dry nitrogen atmo
sphere. In the case of the para isomer a preparative gas- 
chromatographic procedure was employed. The purity of 
all isomers was checked by glc analysis and by uv spec
troscopy. Benzene, chlorobenzene, toluene, benzonitrile, 
and benzophenone (all Merck, analytical grade) as well as 
1-iodonaphthalene (Fluka purum) were used without fur
ther purification.

(b) Procedure. Deiodination and exchange measure
ments at various excitation wavelengths were carried out 
as previously described. 1 Iodotoluene isomers were sepa
rated gas chromatographically using a diethylene glycol 
adipate column (Analabs GP 35A % in. diameter, 6.5 m 
long). The retention times obtained at 100°. with a 35 cc/ 
min rate of gas flow, for the ortho, para, and meta iso
mers, were 37.08, 38.83, and 39.33 min, respectively. 
Under the above conditions, ortho-para and ortho-meta 
mixtures were readily separable with a 5% sensitivity. 
However, due to the close values of the corresponding re-
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TABLE I: Maximum Quantum Yield Values ( 0 DE° and 0 e x ° )°  
and Rate Constant Ratios Measured by 5 X 10~2 M Solutions of 
lodotoluenes in Methylcyclohexane, Irradiated at 313 nm, 
in the Presence of ~5.3 X 10“ 4 M Iodine

k 3 k 2

Isomer 0 D F .° 0  e x ’ b c

Ortho 0.41 ±  0.02 0.41 ±  0.02 1.95 ±  0.2 2.30 ±  0.2
Meta 0.41 ±  0.C2 0.41 ±  0.02 1.70 ±  0.2 1.93 ±  0.2
Para 0.39 ±  0.C2 0.38 ±  0.02 1.96 ±  0.2 1.96 ±  0.2

0 0 D E ° and 0ex° are the deiodination and exchange quantum yields
m easured co rresponding ly  when / i2[0 2] »  /r3[ l 2] and when ft3[ l 2] »  
fc2[ 0 2]. A ccord ing  to the m echan ism  of reactions 1 -3  they should be 
equal, representing  t i e  net photod issocia tion  yield of Iodobenzene. h Obtained from  slopes of 1 /A de  vs. 1 / [ 0 2] plots. c Obtained from  slopes 
of 1 /R ex  v s . [ 0 2J plots,

tention times, we have not been able to separate mixtures 
of para and meta isomers.

Temperature effects were measured using a metal cell 
mount, thermostated (± 0 .2 °) by alcohol or water circula
tion.

Results
(a) Photoinduced Exchange and Deiodination in Solu

tions of lodotoluenes. Photochemical experiments were 
carried out in methylcyclohexane solutions of the three io- 
dotoluene isomers, measuring the rates of deiodination 
and exchange (Rhe and R ex) as a function of the oxygen 
concentration. The mechanism of reactions 1-3 predicts 
linear relationships between 1 / R d e  and 1 /[O 2 ], as well as 
between 1 / R e x  and [O2 ] . 1 Both relations are found to be 
accurately fulfilled in the above iodotoluenes system. The 
ratio k3/k2, obtained from the slopes of such plots using 
313-nm excitation, as well as the maximum yields, 0 De ° 
and 0k x °, are presented in Table I. Similar experiments 
were also carried out at 365 nm leading, in all cases, to 
the appreciably lower value of 0.23 ±  0.02 for both 0 De ° 
and 0 Ex°. This wavelength effect on the yields is similar 
to that previously observed for iodobenzene. 1

The feasibility of a photoinduced interchange between 
the isomers was investigated by exciting deaerated 0 . 1  M  
solutions at 313 nm, varying the iodine concentration in 
the range between 2 X 10“ 6 and 2 X IO“ 4 M. In all cases 
the total amount of aryl radicals produced by irradiation 
(determined from the product of the absorbed light inten
sity, the irradiation time, and the photodissociation quan
tum yield) was above 2 0 % of the iodotoluene concentra
tion. Under such conditions no photoinduced isomeriza
tion could be detected.

(b) Temperature Effects on the Photochemistry of Iodo
benzene. Temperature effects on the deiodination of iodo
benzene were studied by exciting air-saturated methylcy
clohexane solutions at 254, 313. and 365 nm. The forma
tion of I2 was followed by measuring the absorbance at 520 
nm as a function of the irradiation time. Figure 1 presents 
the values of 0 DE° obtained from the slopes of such initial
ly linear curves, where k2[02] 2 > ^3 [I2 ] and consequently 
0 DK = 0 dk°- In the same figure we present values of 0 e x ° 
measured in evacuated, or N2 saturated. Phi solutions 
where /tr2 [02] «  k3[l2] and 0 ex  = 0ex°. In all cases we 
confirmed that the increase of the Phi absorption with 
temperature could be neglected. The excellent agreement, 
at all temperatures, between the values of 0 Kx° and 0 de° 
indicates that genuine temperature effects on the net 
yield of photodissociation are actually observed.

0 20 40 " 60 c

Figure 1. Temperature effects on the yield of iodobenzene pho- 
todlssociation (0°) in methylcyclohe<ane. (a) Yield determina
tions by deiodination were performed at 254 ([Phi] = 0.001 M). 
313 ([Phi] =  0.03 M) , and 365 nm ([Phi] = 0.5 M). (b) Yield 
determinations by isotope exchange were performed at 254 
([Phi] = 10 3 M and [ l2] = 2 X 1 0  4 M), 313 ([Phi] =  3 X 
10“ 2 M and [ l2] = 2 X 10“ 4 M). and 365 nm ([Phi] = 0.5 M 
and [ l2] = 2-6 X 10“ 4 M).

As clearly demonstrated in Figure 1 an identical tem 
perature effect is observed at 254 and 3 1 3  nm. differing 
from that observed at 365 nm.

(c) P h o t o s e n s i t i z e d  E x c h a n g e  a n d  D e i o d i n a t i o n  o f  T  
I o d o n a p h t h a l e n e .  In order to clarify the role of the triplet 
state m the photodissociation of iodoaromatics, we have 
carried out photochemical experiments attem pting to ob
tain selective triplet population v ia  triplet-triplet energy- 
transfer using benzophenone as sensitizer.

Irradiation of deaerated benzophenone solutions in the 
presence of I2 resulted in an efficient iodine consumption, 
ultim ately leading to total bleaching of the solution. This 
process, suppressed by molecular oxygen, was attributed 
to the triplet reaction

3(Ph CO Ph)* + I2 — iodo-organic products (4)

Energy transfer from the triplet state of benzophenone 
to an iodoaromatic (Arl) acceptor can thus occur only if 
reaction 5

3(Ph CO Ph)* + Arl Ph CO Ph + :i(Arl)* (5)
competes efficiently with reaction 4. In view of the rela
tive inefficiency of reaction 5, in the case of iodobenzene. 
this requirement could not be fulfilled even at low [I2] and 
high [Phi] values. However, the addition of 1 -iodonaphth- 
alene was found to inhibit bleaching process 4 leading to 
its complete suppression when [A rl]/[I2 ] 102. Thus,
under such conditions, any organic radioiodine originating 
in reaction 4 could be neglected.

An additional factor in chocsing the exact concentra
tions in the photosensitization experiments is associated 
with the observation that relatively high benzophenone 
concentrations lead to deiodination of Arl even in deaerat
ed solutions. The effect which, as shown below, is ob
served for several aromatic compounds is attributed to the 
Ar- radical scavenging reaction
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Ar- + Ph CO Ph — addition products (6)

followed by

I- + I- ----- *- I2 (deiodination)

where I- and Ar- are formed from the dissociation of 
3(ArI)*2

3(Arl)* -----► Ar- + I- (7)

Reaction 6 competes with

Ar- + I131I — Arl131 + I- (exchange) (8)

To suppress reaction 6 we have carried out all experi
ments at [Ph CO Ph]/[I2] < 20. where no deiodination is 
observed. The exchange rates induced at various tempera
tures by benzophenone photosensitization via reactions 5, 
7, and 8 are presented in Figure 2. The temperature effect 
is compared with those observed in the case of direct exci
tation of 1-iodonaphthalene at 365 and 313 nm.

(d ) Iodobenzene Deiodination and Exchange in A rom at
ic Solvents. Solutions of iodobenzene and iodine in deaer
ated aromatic solvents undergo an iodine exchange pro
cess which is accompanied by deiodination as in the case 
of aerated methylcyclohexane solutions. The dependence 
of the exchange yields on the iodine concentration in the 
cases of benzene, toluene, and chlorobenzene are shown in 
Figure 3a. The irradiation time at 313 nm was always 
short so as to minimize the change in [I2] during the expo
sure. We have also carried out experiments in methvlcy- 
clohexane as solvent to which varying amounts of aromat
ic compounds were added. The relevant data obtained 
with 365-nm excitation for iodobenzene and cyanobenzene 
are presented in Figure 3b.

In all cases the exciting light was exclusively absorbed 
by iodobenzene, thus avoiding possible complications due 
to the photolysis of other aromatics.

.5 -

.3-

.2-

!_I_____ I ______ I________I______
0 20 40 60 °c

Figure 2. Temperature effects on the exchange quantum yield of 
1-iodonaphthalene (Arl) in deaerated methylcyclohexane. (a, 
■  ) Exchange induced by direct excitation of 1-iodonaphthalene 
(at 313 nm) leading to S ,:[A rl] =  lO “ 3 M\ [ l2] = 10“ 4 M. (b, 
▲ ) Exchange induced by direct excitation (at 365 nm) of 1-io
donaphthalene to the triplet state: [A rl] =  10~1 M\ [ l2] =  2 X 
10~4 M. (The data have been obtained after subtracting the 
contribution of excitation to S i), (c, • )  Exchange induced by 
benzophenone photosensitization at 365 nm: [A rl] =  10-1 M;
[ l2] =  2 X 1 0 -4 M; [PhCOPh] =  2.5 X 10~: M. The data have 
been corrected for a small ( —20%) contribution of direct exci
tation of 1-iodonaphthalene at this wavelength. The correction 
was carried out by measuring the exchange when 1-iodonaphth
alene was directly excited at 365 nm, taking into account the 
light fraction absorbed by 1-iodonaphthalene in the presence of 
benzophenone.

Discussion

(a) Primary Dissociation Process. The results presented 
above show that the basic deiodination and exchange 
mechanism of reactions 1-3 previously proposed for iodo
benzene1 is also valid for the iodotoluene isomers as well 
as for 1-iodonaphthalene. The question arises as to the de
tails of photodissociation process 1. In all cases, excitation 
at 254 and 313 nm leads directly to the lowest excited sin
glet state of the molecule (Si). Figure 1 shows that within 
the 0-65° range the quantum yield for photodissociation at 
254 nm is identical with that at 313 nm. This lack of a 
wavelength effect indicates that photodissociation in the 
Si state occurs after complete thermal relaxation. Figure 
1 shows, however, that the quantum yields measured with 
365-nm excitation are usually lower, exhibiting a different 
temperature behavior, than those at 254 and 313 nm. This 
apparent discrepancy can be readily rationalized by the 
fact that excitation at 365 nm is within the tail of the So 
—’■Si band where the superimposed direct transition to the 
lowest triplet state (So —*■ Ti) contributes substantially 
( —50%) to the extinction coefficient.1-3 Thus, the differ
ence observed between excitation at 254 or 313 nm and 
that at 365 nm can be attributed to differences in the 
photodissociation efficiencies of Si and T i.

Direct evidence for photodissociation of the triplet state 
of iodoaromatics is derived by comparing the photosensit
ized dissociation yields in the 1-iodonaphthalene system 
with those obtained by direct excitation to Ti at 365 nm. 
Figure 2 shows that absolute quantum yields of the two

Ph CNj.M
-l. 05 10_ 15
? . .  /

w ( .
20-

[ ijW; m'
Figure 3. Kinetic plots showing the competition between l2 and 
aromatic molecules on the scavenging of phenyl radicals: (a) 
excitation at 313 nm, [Phi] =  0.03 M in all three aromatic sol
vents; (b) ( • )  excitation at 365 nm In methylcyclohexane, 
[12] =  2 X 10~4 M; (A) excitation at 365 nm in methylcyclo
hexane, [ l2] =  5.2 X 1 0 -5 M. [Phi] =  0.1 M.

processes, as well as their dependence on temperature, are 
exactly identical. The data not only prove that dissocia
tion may occur via triplet energy transfer from benzophe
none but also that, in respect to dissociation, the triplet 
populated by direct So —*• Ti excitation is indistinguisha
ble from that obtained by photosensitization. The same 
data also suggest that, as in the case of Si. dissociation 
occurs trom Ti after thermalization. The conclusion that
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Figure 4. Schematic energy level diagram showing the thermally 
activated dissociation of St and T, of iodoaromatics.

the optically populated Tj state is photochemically active 
is in variance with the suggestion that direct excitation to 
Ti leads to negligible photodissociation.2 The early deio- 
dination experiments were carried out in deaerated solu
tions where reaction 2 does not occur and reaction 1 is fol
lowed by the recombination of Ar- and I-. In these photo
sensitization experiments benzophenone not only acted as 
a triplet sensitizer but also replaced O2 in reaction 2. This 
explains why in the presence of benzophenone the photo
sensitized deiodination yields in ceaerated solutions2 are 
essentially identical with the present exchange quantum 
yields, both representing the yield of triplet photodisso
ciation.

When attempting to understand the temperature effects 
on the thermal dissociation of either Si or Ti as shown in 
Figures 1 and 2, the complex nature of photodissociation 
in solution should be considered. Temperature may affect 
the primary yield of radicals initially formed in a photo
chemical cage as well as the net yield of pairs which es
caped secondary geminate recombination.4 A tentative ex
pression for the photodissociation yield is

A =  \kJ(kA +  kr)]K0 (9)
where kd and kT are competitive rate constants as shown 
in Figure 4. If ka = kd°e~AE RT with AE, kd (and kr) being 
different for Si and Ti, the factor kd/(kd + kr) will exhib
it a different temperature dependence for the two corre
sponding states. 8 is the probability of escaping secondary 
recombination via a random walk process, and depends on 
the initial radical separation determined by the solvent 
viscosity5 and will thus increase with the temperature. 
Our data (Figure 1 and 2) indicate that (j>° approaches a 
plateau at high temperatures suggesting that kd8/(kd + 
kT) approaches unity. Since our limiting value is (for iodo- 
benzene) <t>° = 0.51 < 1, an additional transmission factor 
K determining the fraction escaping deactivation to So at 
point A (see Figure 4) should be introduced. This inter
pretation is consistent with data obtained using isopen
tane as solvent, in experiments similar to those described 
for methylcyclohexane in Figure l . lc Higher <f>° values are 
obtained at low temperatures, fitting the characteristic
S-shaped curve which levels off at the same plateau 
around 0.51. In view of the lower viscosity of isopentane 
these results may be rationalized by higher 8(T) and kd 
values, as well as by solvent-independent K. According to 
this general picture Ti and Sj exhibit similar K  value for 
iodobenzene but different ones in the case of 1-iodo- 
naphthalene. A quantitative analysis of eq 9 requires a 
knowledge of the temperature effect on 8. When assuming 
that 8 is temperature independent and plotting log [(/m ax/ 
<j>°) -  1] against L/T we obtained apparent AE values in

TABLE II: Relative Rate Constants for the Reaction between 
Phenyl Radicals and Some Aromatic Compounds

^ P h x / ^ P h H

Present
* i 2/  m easure- Ref

PhX f tP h xa m ents 7 and 8

PhH 2.0 X 104 1.0 1.0
PhCN 5.1 X  103 3.9 3.7
Phi 0.9 X 104 2.2 1.8
PhCI 1 . 3 X 1 0 4 1.5 1.4
PhCH3 4 .0  X  104 0.5 1.7

°  C alcu la ted from  data  In F igure 3.

the range between 6 and 12 kcal/mol. These values are 
unreasonable since, in view of the time scale in which the 
photodissociation takes place, they predict unacceptably 
high frequency factors (kd°). Lower values for AE and kd 
are obtained when assuming a temperature effect on 8. 
However in the absence of suitable models describing 
quantitatively the function 8(T) no reliable values could 
be obtained.

(b) Reactivity of the Phenyl Radicals. The failure to ob
serve a photoinduced isomerization between iodotoluene 
isomers indicates that, in agreement with previous sugges
tions,6 no H atom migration around the aromatic ring 
takes place within the lifetime of the radicals. Assuming 
the value of ~ 1010 sec-1 for the scavenging rate con
stant of Ar- by I2 (which is an upper limit), one obtains 
(with [I2] = 2 x 10-6 M) a value of 7-1/2 = 0.693/A[I2] = 
0.035 msec for the half-life of the aromatic radical. In view 
of the sensitivity of our analytical methods this implies a 
lower limit of 0.1 msec for the half-life of the hydrogen 
migration process.

The relative rate constants for the reaction of the phe
nyl radical with aromatic scavengers, as calculated from 
the data of Figure 3, are presented in Table II. With the 
exception of toluene the table shows a fair agreement with 
previous data obtained from thermal decomposition ex
periments at elevated temperatures.7-8 According to the 
present room-temperature data, it appears that the reac
tion of Ph- with aromatics is nucleophilic in nature as 
compared to electrophilic reaction of aromatics with io
dine atoms.9 This may be consistent with a charge-trans
fer intermediate [ArX~Ph+] analogous to the species 
[ArX+-I~] which has been observed spectroscopically at 
room temperature.10
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Infrared spectroscopy was employed to follow the reactions of various alcohols with the surface groups of 
amorphous silica. Alcohols were observed to undergo condensation reactions with the free silanol groups 
on the silica surface and this reaction was seen to be markedly enhanced by the presence of Lewis bases 
such as ammonia and organic amines. A primary alcohol was found to react to a somewhat greater extent 
than a secondary alcohol. Unsaturation in the 2 position modified reactivity while unsaturation beyond 
the 2 position appeared to have little effect. Polar substituents on the alcohol affected reactivity. Several 
of the surface-bound alcohols exhibited good hydrolytic and thermal stability.

Introduction

Amorphous silica (SiCU) and its surface reactions are of 
interest for a variety of reasons. Silica is employed as a 
filler for elastomers and thermoplastics, and as a thixo- 
trope for waxes, polishes, and numerous other systems. It 
often serves as a catalyst support, anc its surface silanol 
groups are analogous to those which exist in reinforcing 
siliceous glass fibers. The high surface-to-volume ratio of 
silica (50-300 m2/g) allows analysis of surface reactions by 
such techniques as infrared spectroscopy. The reactions of 
organosilanes with silica have been extensively studied1-3 
and reactions of alcohols with silica have been suggested 
by Iler.4 His work indicated that alcohols should undergo 
surface condensation reactions with silica. Iler treated 
amorphous silica with alcohols at elevated temperatures 
(about 200°) to prepare a hydrophobic silica. He proposed 
that he had prepared an organic-coated silica via conden
sation of the alcohol with surface silanols to give an SiOC 
bond. Although such a bond is hydrolytically unstable, 
the organic portion of the alcohol could act as a barrier to 
prevent the corroding H2O from reaching the bond; thus 
hydrophobicity could be maintained. Very little direct ev
idence has been reported to confirm these propositions of 
surface reactivity.

Here we report first infrared spectroscopic investigation 
of uncatalyzed reactions of various alcohols with the sur
face of amorphous silica. Second, we report that this sur
face reaction can be markedly enhanced bv Lewis bases.

Experimental Section

The silica employed in this investigation was Cab-O-Sil 
MS-5 amorphous fumed silica (particle size ~0.012 p sur
face area ~200 m2/g) from Cabot Corp.

The silica powder was pressed into a thin (0.5-in. diam
eter, ~ 0.2 mm thick, 12-20 mg weight) self-supporting 
wafer. This was placed in a specially designed vacuum 
cell,5 where it could be treated at any temperature in 
vacuo or in the presence of some gas, and could be exam
ined at room temperature with or without some gas pres
ent. The spectra were obtained in transmission on a Per- 
kin-Elmer Model 225 grating spectrophotometer.

The silica wafer was activated by room temperature 
evacuation to <10-4 Torr. Samples were treated by 
freeze-thaw degassed reagents in the vapor phase at pres
sures indicated below: 1-butanol (3 Torr), 2-butanol (10

Torr), 3-buten-l-ol (6 Torr), 2-buten-l-ol (5 Torr), 2-mer- 
captoethanol (2 Torr), 3-amino-l-propanol (room temper
ature vapor pressure), furfuryl alcohol (room temperature 
vapor pressure), «-propylamine (100 Torr), n-propylam- 
ine/l-butanol 1/1 mixture (12 Torr), NHs/l-butanol 1/1 
mixture (12 Torr). All spectra bearing the same figure 
number were run on the same wafer treated sequentially 
with additional doses of alcohol added at each treating 
temperature. When evacuated, samples were at pressures 
<10~4 Torr. Hydrolysis tests were performed in a flow 
stream of water vapor in nitrogen at the indicated relative 
humidity and temperature.

Origin of Reagents. 1-Butanol, MCB; 2-buten-l-ol, Al
drich; aminopropanol, Aldrich: n-propylamine, Eastman; 
2-butanol, Aldrich; 3-buten-l-ol, Aldrich; furfuryl alcohol, 
MCB; mercaptoethanol, Wateree Chemical Co., vacuum 
distilled.

Results and Discussion

Silica. The surface silanol groups (Si-OH) on silica are 
principally of two types:6 free silanols which have a sharp 
infrared absorption band (3750 cm-1 ) and adjacent sila
nols which hydrogen bond with each other; these adjacent 
silanols absorb in a broad region centered at 3600 cm-1 . 
When exposed to the atmosphere surface silanols adsorb 
water; this adsorption shifts the ir absorption to a very 
broad region between 3600 and 3000 cm -1 . As shown 
below, when heated under vacuum the silica surface first 
loses physisorbed water and then loses additional water 
via condensation of adjacent hydroxyls. This condensation 
reaction is reversible up to about 400°.

free silanol 

0

ad jacen t  silanols
,H

I ck h"-o '/ 'I 1 1
/Si Si Si Si Si

o W l V A V  " ° " i \ >0 0 0  0 0  o u
OH

A
HO +  Si Si Si SK  ''Si
~ 0WIVAV1 Vl\)

U 0  0 U 0 U0 0 U 0 0 °
Figure 1 of ref 7 illustrates the ir spectra of the changes 
that take place upon thermal treatment for a typical
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fumed, amorphous silica: Cab-O-Sil MS-5. The loss of 
water is shown by an increase in the intensity of the free 
silanol absorption and by the reduced intensity and nar
rowing of the low-frequency band. Further heating results 
in the loss of adjacent hydroxyls via the condensation 
reaction. The intensity of the free silanol band is not di
minished below 700°.

Saturated Alcohols. Figures 1 and 2 (Figure 2 is avail
able on microfilm, see paragraph at end of paper regard
ing supplementary material) show the effect of treating 
Cab-O-Sil MS-5 with 1-butanol (from the vapor phase) at 
various temperatures. Note the broadening of the OH 
band due to hydrogen bonding with the alcohol. Evacua
tion removes most of this hydrogen bonded material. Lit
tle, if any, reaction has occurred on room temperature 
treatment but significant organic material is bound to the 
silica after treatment at 250° and above; this correlates 
with a partial reduction in the intensity of the free silanol 
band. Extended exposure to 100% relative humidity at 
100° does not remove a significant amount of alcohol; this 
is consistent with the hydrophobic nature of the treated 
silica.

We have investigated the effect of the nature of the al
cohol (primary, secondary, or tertiary) on surface reactivi
ty and stability. Figure 3 (available on microfilm) shows 
that sec-butyl alcohol is somewhat less reactive and the 
reaction products are less stable than primary butyl alco
hol. Note the decomposition occurring at 500° and com
pare with Figure 2. Nonspectral studies4 had indicated 
that secondary alcohols were less reactive than primary 
and that tertiary alcohols were far less reactive than ei
ther. These observations are consistent with the assump
tion that the condensation reaction between silanol and 
alcohol proceeds through loss of a proton from the alcohol 
rather than through formation of a carbonium ion.

Unsaturated Alcohols. Figures 4 and 5 (available on mi
crofilm) illustrate that the interaction and reaction of un
saturated alcohols with the surface of silica is dependent 
upon the location of the double bond. It was anticipated 
that a molecule unsaturated in the 3 position would have 
a reactivity comparable to a saturated alcohol. Unsatura
tion in the 2 position was expected to increase the stabili
ty of the carbonium ion and thus to reduce the alcohol re
activity closer to that of a tertiary alcohol than to that of 
a primary alcoho.. In addition to indicating that this is 
roughly true, the spectra reveal additional interesting fea
tures.

3-Buten-l-ol (Figure 4) behaved very much like its sat
urated counterpart 1-butanol in that it showed reversible 
adsorption at room temperature and increased reactivity 
as the treating temperature was increased to 250 and to 
500°. Although the spectrum is not included here, it could 
be observed that the double bond remained intact (3130 
c m '1) even at 5C0° (under vacuum). Thus, a thermally 
stable double bond could be bound to a silica surface via 
this alcohol route.

2-Buten-l-ol (Figure 5) unlike 3-butene-l-ol and 1-buta- 
nol apparently interacts strongly with the silica surface at 
room temperature; it could not be pumped off at this 
temperature. This may indicate that the it system is in
volved in the surface interaction. Heating at 250° caused 
no increase in the amount of adsorbed alcohol. Unlike 3- 
buten-l-ol, heating 2-buten-l-ol/silica at 500° (spectrum 
not shown) causec the double bond to disappear without 
any significant reduction in the amount of adsorbed or
ganic material. This, in addition to reflecting the general-

V ----
Figure 1. Reaction of 1-butanol with MS-5 silica: (A) silica 
alone; (B) exposed to 3 Torr of butanol at room temperature; 
(C) evacuated at room temperature; (D) heated with butanol at 
250°, evacuated at room temperature.

lv lower thermal stability of this alcohol, may again point 
to some unusual interaction involving the 7r system and 
silica.

Substituted Alcohols. When a room temperature acti
vated sample of Cab-O-Sil MS-5 was exposed to 2 Torr of 
2-mercaptoethanol. strong hydrogen bonding occurred 
with the free OH group giving rise to a broad OH band at 
3500 c m '1. Some of the adsorbed species could be re
moved by evacuation at room temperature. Heating the 
silica sample with mercaptoethanol at 100 and 250° fur
ther decreased the free OH banc; the continued presence 
of bands of the mercaptoethanol even after heating 
under vacuum at 250° definitely indicates a chemical 
reaction of the alcohol with the silica. The band of the SH 
group at 2580 cm ' 1 was present throughout these experi
ments. Heating the sample at 400° resulted in consider
able increase of the free OH band, decrease of the CH 
bands, and disappearance of the SH band, indicating de
composition of the surface compound. The reaction prod
uct formed at 250° was stable on treatment with water- 
saturated N2 stream of 100° for 1 hr. These experiments 
indicate that it is possible, by allowing the silica to react 
with mercaptoethanol, to chemically bond to the silica a 
molecule that has an active grouping, the SH group, still 
present after the reaction; and that the reaction product 
is stable to heating at 250° and to hydrolysis at 100°.

In following the reaction of substituted alcohols with 
surface silanols we noted that furfurvl alcohol

CH OH

and especially 3-aminopropanol reacted to a much greater 
extent and at a lower temperature than did 1-butanol and
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V -----

Figure 7. Reaction of 3-amlnopropanol with MS-5 silica: (A) sili
ca alone; (B) heated with amlnopropanol at 250°; (C) evacu
ated at 250°.

the other alcohols discussed. The furfuryl alcohol results 
are shown in Figure 6 (available on microfilm) and the 
amino alcohol results are illustrated in Figure 7. For the 
amino alcohol a large amount of organic material, the 
presence of the amino group (3330-3390 cm-1 ), and nearly 
complete absence of the free silanol could be observed 
after evacuation. This has been interpreted as almost 
complete reaction of the free silanols with alcohol hydrox
yl groups. It might, however, be attributed in part to a 
low-frequency shift of the SiOH absorption band due to 
hydrogen bonding with the amine groups bound to the 
surface through SiOC linkages, i.e.

hydrogen  bond lowers 
frequ ency  o f  OH vibration

This association, however, cannot fully explain the free si
lanol disappearance, since significant bonding of this type 
should lead to a markedly increased intensity and broad
ening of the 3400-3700-cm~1 band, which should be re
moved on pumping (such a broadening and its removal on 
pumping can be observed in the case of n-propylamine, 
see Figure 8). Such a marked effect is not observed after 
evacuation. Thus, hydrogen bonding to the surface cannot 
be the full explanation for the observed effects; chemical 
bonding must be the primary reaction.

The reaction is so complete at room temperature that 
no further reaction could be observed on heating at 250°.

V —-
Figure 8. Reaction of n-propylamlne with MS-5 silica: (A) silica 
alone; (B) exposed to 100 Torr propylamine at room tempera
ture; (C) evacuated at room temperature; (D) heated with pro
pylamine at 100°, evacuated at 100°.

The amino group was still present after the 250° evacua
tion indicating fairly high thermal stability.

Effect of Lewis Bases on Reactivity. It seemed unlikely 
that the enhanced surface reactivity of the amino and fur
furyl alcohols could be caused by an inductive effect of 
the functional group. In order to better understand this 
phenomenon the two functional parts of the amino alcohol 
were separated. That is, we investigated the effect on sili
ca of n-propylamine alone, of 1-butanol alone, and of 
mixtures of the two. Figures 1, 8, 9, and 10 illustrate a 
dramatic enhancing effect of the amino compound on the 
alcohol-silica surface reactions. We have seen in Figure 1 
that butanol does not react significantly with silica at 
room temperature; Figure 8 shows that n-propylamine is 
not significantly reacted at room temperature. However, 
Figures 9 and 10 show that the combination of these 
( — 1/1 mole ratio) yields a marked effect on the silica sur
face; after evacuation significant organic material is pres
ent and the free silanol band is completely removed. Note 
that the product of the reaction is only slightly effected by 
exposure to 100% relative humidity at 100°.

The same enhancing effect is also observed when a ter
tiary amine (triethvlamine) or ammonia (Figure 11) is 
employed in place of n-propylamine. When ammonia 
alone is adsorbed on Cab-O-Sil, it can be completely de
sorbed and the silica spectrum restored by room tempera
ture pumping.8 Similarly, butanol is removed by evacua
tion at room temperature (Figure 1). However, when a 1:1 
mixture of the two is applied to a silica sample (Figure 
11) the free OH band at 3750 cm-1 is completely missing 
and the CH bands are very strong even after room tem
perature evacuation.
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F igure 9. Reaction of 1-butanol/n-propylamine mixture with 
MS-5 silica: (A) silica alone; (B) exposed to 12 Torr (butanol/ 
propylamine 1/1) at room temperature; (C) evacuated at room 
temperature; (D) heated with mixture at 100°; evacuated at 
100° .

Clearly, these Lewis bases are enhancing the alcohol re
activity. One possible mechanism for this enhanced reac
tivity is illustrated in the following reaction scheme where 
the amine is shown to function as a catalyst via accep
tance of a proton.

ROH +  R'NfL —  ROr ---- H/*NR'

HO
RO5“-----H:i+NR' + Si Si0 V

Si

R'NHa”
RO' »-OH 

Si XSi Si/  V  N
R
O

SÌ\ O 0

. +

R'NH, + H20
If the true mechanism is of this type, the acidic mer- 

capto group in a mercapto alcohol might be expected to 
interfere with the action of the Lewis base by transfer of 
its proton. Spectra reveal that the effect of the amine is 
indeed reduced when 6-mercaptohexanol is employed in 
place of 1-butancl; nevertheless, there still appears to be 
some enhancement of reactivity when the amine is pres
ent.

Free vs. Adjacent Silanol Grouo Reactivity. It was of 
interest to determine whether alcohol silica reactions were 
occurring with free or adjacent silanol groups on the silica 
surface. To this end the surface was first prereacted with

Figure 10. Reaction of 1-butanol/n-propylamine-mixture with 
MS-5 silica: (A) heated with mixture at 250°, evacuated at 250°; 
(B) heated with mixture at 400°, evacuated at 400°; (C) ex
posed to 100% relative humidity at room temperature for 2 hr, 
evacuated at room temperature.

\> —
F igure 11. Reaction of 1-butanol/ammonia mixture with MS-5 
silica: (A) silica alone; (B) exposed to 12 Torr (butanol/ammo- 
nia 1/1) at room temperature; (C) evacuated at room tempera
ture; (D) evacuated at 250°.
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a silane (trimethylsilyldimethylamine, TMSA) to block 
the free silanols. The silica sample was vacuum activated 
at room temperature and then treated with TMSA and 
evacuated. The resulting spectrum showed complete re
moval of free surface OH’s and very strong CH bands. The 
sample was then exposed to either furfuryl alcohol or 3- 
aminopropanol at room temperature and at 250°. In each 
case there were no visible changes in the spectrum indi
cating that no reaction of the alcohols occurred when the 
free silanols were blocked. This indicates that the alcohols 
react with the free surface silanols.

Conclusions

Alcohols have been shown to undergo condensation 
reactions with the free silanol groups on the surface of sili
ca. The extent of this reaction is dependent upon several 
factors. Primary alcohols were found to react to a some
what greater extent than secondary alcohols and the prod
uct to be thermally more stable. Unsaturation in the 2 po
sition modifies reactivity while unsaturation beyond the 2 
position appears to have little effect. Most notably, Lewis 
bases (both as alcohol substituents and as separate mole
cules) markedly enhance (catalyze) these condensation 
reactions and allow them to occur at room temperature. A 
similar enhancing effect of Lewis bases has been reported 
for silane-silica reactions.7 Several of these surface reac

tion products exhibit good hydrolytic and thermal stabili
ties.
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Infrared spectroscopy has been used to investigate the conditions under which surface metal-hydroxyl 
groups can be formed on some silica-supported group VIII metals. When O2 reacts with hydrogen-covered 
metals, r(OH) bands of MOH species are observed in the infrared for Pt(3497 cm“ 1), Ir(3585 cm“ 1), 
Rh(3538 cm“ 1), Ni(3672 cm ' 1), Co(3660 cm“ 1), and Fe(3685 cm “ 1) but not for Ru and Os. In addition, 
a second PtOH band is observed at 3544 cm“ 1 when H2O reacts with a partially reduced PtO surface. In 
agreement with other work, MOH species are not formed when H2O reacts with bare metal, nor when H2 
reacts with metal oxide. The experimental evidence suggests that the ratio of PtOH/PtO is approximate
ly 1/2 when O2 reacts with hydrogen covered Pt, and using existing literature data for the H2-O 2 titra
tion reactions on Pt, a new reaction mechanism is proposed which is based on this ratio.

In a previous communication1 we reported the first in
frared spectroscopic evidence for the formation of PtOH 
groups on the surface of silica-supported platinum. Al
though the existence of such species have for many years 
been evoked by electrochemists,2-3 such species have not 
been widely recognized by those whose major interest is 
concerned with chemisorption at the gas-solid interface.4-8 
In some recent reports.9-10 the possible existence of 
PtOH is discussed, and in view of the importance of this 
species when discussing mechanisms of the H2-O 2 reac
tion on platinum, it is important to establish the condi

tions under which surface hydroxyl species are formed. In 
the present paper, we have investigated whether metal 
hydroxyl species can be formed on other group VIII met
als.
Experimental Section

Silica-supported metal samples were prepared by 
mixing about 2 g of Cab-O-Sil (H5) with 1 g of a 
suitable salt (Table I) dissolved in about 20 ml 
of anhydrous acetone. The solvent was removed by 
evacuation at room temperature and 200 mg sample disks 
of each material were pressed in a die at about 1000 lb /
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TABLE I: Experimental Details for Silica-Sjpported 
Metal Samples

Wt % of m etal
Metal Salt used after reduction

Pt H2PtCI6 15.8
Ir H2lrCI6 15.7
Rh Rh(N03)2-2H20 13.5
Ru RLIGI3 13.7
Os H20 sCI6 12.6
Pd PdCI2 10.7
Ni N i(N 03)2-6H20 9.2
Co C o(N03)2-6H20 9.2
Fe Fe(N03)3-9H20 6.5

in.2 for a few seconds. The silica-supported salts were re- 
duced to metal by heating in hydrogen in a standard all 
glass infrared cell at 400° (500° for Fe). Prior to impregna
tion, the silica had been heated in an oven at 700° for 
about 12 hr in order to drive off all of the physically ad
sorbed water. This treatment removed most of the hydro- 
gen-bonded surface silanol groups and rendered the sup
port relatively hydrophobic so that the hydroxyl groups 
did not re-form after exposure to ambient atmosphere.11-12 
Anhydrous acetone was used for the impregnation to 
minimize the rehydration of the support. Since we expect
ed that metal-hydroxyl species would absorb in the in
frared between 3750 and 3400 cm-1 , it was extremely im
portant to take these precautions so as to remove all pos
sible interference due to infrared absorption by the sup
port itself in this spectral region. A pure silica prepared 
by heating at 700° as described shows a single sharp ab
sorption band at 3750 cm-1 due to isolated surface silanol 
groups,11-13 whereas a fully hydrated silica has a very 
broad and intense absorption between 3750 and 3400 
cm^1. A typical background spectrum of a silica-support
ed metal sample showing the silanol band is given in Fig
ure 3A.

Oxvgen-18 enriched H2O (98.8% 180 ) and O2 (99.4% 
180 ) were obtained from Oak Ridge National Laboratory, 
and 13C ethylene (60% 13C) was obtained from Isomet 
Corporation. High-purity hydrogen was prepared by pas
sage of cylinder H2 through a palladium hydrogen purifier 
and oxygen was prepared by the decomposition of KMnCL 
or was Matheson Extra Dry Grade. Starting materials and 
final metal loadings of the various silica-supported metals 
are listed in Table I

Because the validity of our earlier communication has 
been challenged,14 the details of our reaction cell are 
shown in Figure 1. The sample (1 in. diameter) was 
placed in a forked quartz holder and was held in place by 
the pressure on the fork. This holder could be raised with 
an external magnet to a heating area which is about 20 
cm from the cell windows and it was in this area where all 
thermal treatments were carried out. About six cells have 
been used in this work, and the windows were of either 
CaF2 or NaCl (both types used at least once in all experi
ments), and all samples could be used repeatedly after the 
initial reduction by regenerating the sample in H2 at 400° 
as described previously.15 All of the spectral features noted 
in this work could be reproduced with samples which were 
either new, or which were up to 1 year old and had been 
subjected to many (10 to 100) “ regeneration” cycles, or 
samples which hac been used in a variety of other adsorp
tion experiments. No infrared absorptions attributable to 
species on the cell windows have ever been noted.

IRON BAR

FURNACE
AREA

CATALYST
DISC

WINDOWS

Figure 1. Infrared cell. The lower section and the sample holder 
are made of quartz; the upper section, including stopcock, is con
structed of Pyrex. The distance from the windows to the heating 
area is about 20 cm.

All spectra were recorded on a modified Perkin-Elmer 
Model 13G infrared spectrometer, employing spectral slit 
widths of about 2-4 cm-1 . Spectra were calibrated against 
atmospheric water bands, but because of the breadth and 
variability in position of some absorptions, observed wave 
numbers are believed to be accurate to about ±3 cm 1.

Results
When gaseous water was added to any new or regenerat

ed silica-supported metal sample, no new absorptions 
were detected except the broad feature between 3600 and 
3400 cm-1 and at 1600 cm“ 1 due to physically adsorbed 
water (e.g., see Figure 3C), and (near 3600 cm“ 1) to the 
re-formation of a small number 0: hydrogen-bonded sila
nol groups.1112 However, when oxygen was added to hy
drogen-covered platinum, iridium, rhodium, and nickel, 
the spectra shown in Figure 2A, 2C, 3B, and 4B, respec
tively, were obtained; in each case an additional new fea
ture to low wave number of the 3750-cm“ 1 band is ob
served. Hydrogen-covered samples were prepared by cool
ing the disks from 400 to 25° in hydrogen after reduction 
or regeneration followed by evacuation for about 5 min.15 
The wave number shift for oxygen-18 (from 18C>2) or deu
terium (from D2O) substitution indicated that the new 
features are all associated with the formation of a new OH 
containing species.13 The wave number of the observed 
bands for all isotopic species are listed in Table II. The 
same absorption for nickel could also be produced by de
gassing silica-supported nickel nitrate at 400° under vacu
um (Figure 4C). None of these features was produced with 
silica alone and in view of the differing wave number for 
each band, and of the absence of any absorption in the 
1600-cm“ 1 spectral region (corresponding to the angle de
formation mode of water) the new features are all assigned 
to surface metal-hydroxvl groups; these will be referred to 
as type I hydroxyl groups. Further evidence in support of 
this assignment is presented below. Some additional ex
periments are described for each metal.
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Figure 2, (A) Spectrum obtained after adding 0 2 to hydrogen 
covered Pt. The strong band at 3750 cm -1 is due to SiOH 
groups of the support and the weak band at 3497 cm -1 is the 
type I PtOH band. (B) Type II PtOH band after adding H20  to a 
sample which had been degassed at 400° after formation of the 
type I PtOH band. (C) IrOH band after adding 0 2 to hydrogen 
covered Ir. The transmittance scale (large horizontal dashes) 
refers to the top-most spectrum (B), whereas the small dash
es give the zero transmittance points for the remaining spectra. 
A typical background spectrum for all the noble metals is shown 
in Figure 3A.

TABLE II: Observed Wave Numbers for Metal-Hydroxyl 
Species (cm -1 )

Metal 16OH 180H 16OD

Pt 3497 (1) 3487 2580
3544 (II) 3534 2609

Ir 3585 3575 2635
Rh 3538 2607
Ni 3672 3662 2715
Co 3660 2690
Fe 3685

Platinum. For platinum, when 0 2 was added to a sam
ple which was covered with both H2 and H20  (i.e., after 
adding about 40 Torr of H2 and evacuating, then adding 
10 Torr of H20  and evacuating), an additional weak fea
ture at 3544 cm-1 was observed (type II hydroxyl, see ref 
1 for spectra). Neither band (nor the 3497-cm-1 band 
alone) diminished in intensity after prolonged evacuation 
at 25°, but they did slowly diminish after heating for 2 hr 
at 400°. When water was added (at 25°) to a sample which 
had been briefly heated to 400° so as to remove the hy
droxyl groups, both bands were regenerated. However, 
after longer periods of evacuation at 400° only the 3544- 
cm-1 band was regenerated (Figure 2B) when H20  was 
added at 25°, and this could be converted to a weak type I 
hydroxyl band by adding 0 2 at room temperature. The 
3497-cm-1 band also appeared in some spectra as a dou
blet, as seen in the spectrum in Figure 2A.

Figure 3. (A) Background spectrum of H-covered silica-support
ed Rh. (B) Spectrum obtained after adding 0 2 to A. (C) After 
adding H2 to B. The broad band is due to physically adsorbed 
water. (D) After adding 0 2 to C and heating at 100° for 30 min, 
followed by degassing.

Both types of hydroxyl band immediately disappeared 
when ethylene or ethylene-13C was added, and a band 
near 2050 or 2000 cm-1 , respectively, appeared which is 
attributed to adsorbed PtCO species.16 This behavior was 
also found with a variety of other organic molecules and 
with CO and C 02, and such behavior does not occur with 
the support alone.

Iridium. The 3585-cm-1 band was stable to evacuation 
up to 200°, but at higher temperatures it eventually dis
appeared. However, the band reached its maximum inten
sity if the sample was heated in 0 2 to 100°; with Pt, the 
3497-cm-1 band always decreased in intensity when heat
ed under vacuum or in 0 2. When ethylene was added, the 
IrOH band disappeared and a spectrum of IrCO groups 
was observed near 2050 cm-1 . After adding water to a 
sample which had been degassed at 400° (using the same 
conditions which were used to produce the type II PtOH 
band) a very weak type I IrOH band at 3585 cm-1 was 
regenerated and adsorbed CO was produced after the sub
sequent addition of ethylene.

Rhodium. The single RhOH band was thermally stable 
up to 300° and disappeared completely if heated at higher 
temperatures. After this dehydroxylation was carried out 
at 400°, the same RhOH band was regenerated when 
water was added, but it was of greatly diminished intensi
ty. When hydrogen was added to the original RhOH con
taining sample, the hydroxyl band disappeared and water 
was formed (Figure 3C), but when 0 2 was subsequently 
added the RhOH band was immediately regenerated. Like 
irridium, the hydroxyl band intensified after heating in 
oxygen at 100° (Figure 3D). Unlike Pt and Ir, the RhOH 
band did not disappear when ethylene was added, at room 
temperature, nor was a spectrum of adsorbed CO ob-
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Figure 4. (A) Backgraound spectrum of H-covered silica-sup
ported Ni. (B) After adding 0 2 to A. (C) Spectrum obtained 
after degassing silica-supported NifNCBH at 400° for 2 hr.

served; however, the reverse happened when CO was 
added.

Nickel. The NiOH band at 3672 cm 1 disappeared only 
after heating under vacuum at 603°, and the hydroxyl 
band could be regenerated by adding water at room tem
perature. The hydroxyl band could not be removed by ad
sorption of ethylene, CO, or H2 at room temperature, but 
it could be removed by reduction with H2 at 300°. In the 
presence of gaseous NH3, or pyridine, the sharp band dis
appeared or decreased in intensity depending on the pres
sure as hydrogen bonds were formed between the NiOH 
groups and the reactant species, but the sharp band was 
restored when the gas was pumped off. This showed that all 
of the NiOH groups were at the surface, an important find
ing, since Peri17 had observed a similar band at 3620 cm- 1 
on partially reduced nickel-silica aerogels and had as
signed this band to SiOH groups perturbed by the presence 
of nickel ions.

Cobalt. When oxygen was added 10 a hydrogen-covered 
silica-supported cobalt sample, only a broad shoulder was 
observed to the low wave number side of the SiOH band. 
However, on degassing for 2 hr at 200°, a distinct but 
weak band due to CoOH groups was observed at 3660 
cm-1 . This band was only removed by evacuation at 500° 
or heating in H2 at 400°.

Iron. It was not possible to prepare a “ clean” sample 
(i.e., free of many spurious infrared absorption bands) 
with the techniques described above and no new bands 
formed when 0 2 was added to a hydrogen-covered sample. 
However, if a silica-supported FefNOaH sample was re
duced in H2 at 500° for 13 hr then a “ clean” sample re
sulted. When 0 2 was added to this hydrogen-covered sam
ple, no new bands were observed in the first instance, but 
a weak band slowly developed near 3685 cm-1 after 13-hr 
contact with gaseous 0 2 which we have assumed is due to 
the presence of surface FeOH groups. No further investi

gations of this system were carried out as we were mainly 
interested in the noble metal systems.

Other Metals. No spectroscopic evidence for the forma
tion of surface hydroxyl groups on palladium, osmium, or 
ruthenium was found after al.owing either water or oxygen 
to react with hydrogen-covered or hydrogen-free supported 
metals. In the case of Pd, since only water could be used 
as a solvent for PdCl2, extensive rehydration of the silica 
support occurred resulting in a broad band near 3500 
cm-1 which could obscure a weak PdOH band if one 
formed.

Discussion
The present work, and our previous communication,1 

represents the first infrared spectroscopic evidence for the 
existence of surface hydroxyl species on Pt. Rh, and Ir. 
whereas the spectroscopic observation of surface nickel 
hydroxyl groups has been reported by others.1819 One of 
the most important questions concerns the relative pro
portion of oxide and hydroxide at the surface; we will dis
cuss this and other questions below.

Platinum. The OH stretching mode of the surface PtOH 
species in the present work is clcse in frequency to that 
of some known PtOH containing compounds; 
(CH3)3PtOH,20 3559 c m 1; AgHPtClgOH).1 3512 cm "1; 
Pt(OH)2(CN)2(NH3)2,21 3438 cm -1.

Surface hydroxyl species on platinum have always 
played an important mechanistic role in electrochemical 
processes3 4 22 in aqueous media, but their existence has 
largely been ignored in gas-solid work, particularly in 
considerations of the H2- 0 2 titration reaction.4-5-7-8 Of 
particular interest in the present work are the conditions 
under which PtOH species are generated. That they are 
not formed when H20  reacts with a fresh Pt surface, or 
when H2 is added to an oxygen-covered Pt surface, is in 
agreement with the findings of Elarensbourg and Eisch- 
ens.6 Further, this work would also support the widely 
held notion that water is the sole reaction product when 
adsorbed oxygen is titrated with H2.4 -5-7-8

A quantitative study of the oxidation of ethylene to CO 
when surface oxide or hydroxyl groups are present can 
provide some idea of the surface coverage by these 
species. Since relatively large dead volumes and small 
samples were employed in this work it has not been possi
ble to carry out a quantitative analysis of the reaction 
products from this reaction. Furthermore, the mechanistic 
details of the oxidation when excess 0 2 is present are not 
known and H20  and C 0 2 are virtually the sole gaseous 
products.23 Therefore, we cannot comment on how the 
present oxidation proceeds, nor can we speculate about 
the fate of the ethylenic hydrogens except to note that 
small quantities of water were formed during the reaction 
and this remained physically adsorbed on the catalyst. 
Within these limitations, we have assumed that the PtCO 
band intensity near 2050 cm' 1 (and the results below 
were identical using either peak adsorbances or band 
areas) will be proportional to the total original “ oxygen” 
content of the surface (either as oxide or hydroxide) in 
order to obtain a very crude estimate of this parameter. 
We have also assumed that the areas of the PtOH bands 
will be related to the proportions of type I to type II hy
droxyl species. By following the spectral changes after “ ti
trating” our samples with small dcses of ethylene, the fol
lowing results and conclusions were reached.

(1) The intensity of either the type I or II hydroxyl band 
decreased in direct proportion to the increase in intensity
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TABLE III: CO Band Intensities after Saturation of Oxygen-Treated Pt with C2H4

Condition Treatment
CO band intensity 

(arbitrary units)
No. of surface 
oxygen atoms

No. of surface 
OH groups

No. of surface 
oxide atoms

a Only type  I OH 
present

1 2 12n An 8 n

b Type I OH fo rm ed , 
sa m p le  hea ted  to  
400°, co o le d  to  
25°; no PtOH p res
ent

1 1 n 0 In

c Only typ e  II OH 2 2 n 2 n 0

present [condition 
b +  H20  added and 
evacuated]

TABLE IV: Data of Akhtar and Tompkins“  for 0 2- H2 Reactions on Evaporated Pt Films

Film A Film B

O2 uptake, 
mol X 10 ~8

H2 uptake, 
mol X 1 t r 8

nth H2 uptake/
(n +  1)th 0 2 uptake

O2 uptake, 
mol X 1 e r 8

H2 uptake, 
mol X 1 e r 8

1 nth H2 uptake/
(n +  1)th 0 2 uptake

4 5 . 4 132.0 2.28 5 9 . 0 166.8 2.29

58 .0 115.5 2.16 72.9 134.0 1.96

53.5 113.0 2.08 68.5 143.0 2.03

54 .4* 110.0 1.95 70 .4 142.6 2.07

56 .3 108.0 2.01 69 .0 134.8 1.97

53.8 106.0 1.92 68.5
55 .2

M ean 55 .2 110.5 69 .3 138.6

Q Reference 9. b Incorre;:tly listed as 45.4 by Akhtar and Tompkins (private communication).

of the PtCO band. At the same time, a weak spectrum 
due to chemisorbed ethylene was observed,15 and this 
reached its maximum intensity at approximately the 
same point in the titration as did the PtCO spectrum. 
Therefore, there is nc preferential oxidation of ethylene by 
PtOHor PtO.

(2) When the type I hydroxyl band was observed alone, 
its intensity was twice as great as that observed when only 
the type II hydroxyl was present. Therefore, at maximum 
coverage for each type of hydroxyl, the ratio of PtOH(I)/ 
PtOH(II) equals 2.

(3) The data for the final relative PtCO band intensities 
measured after saturating a sample with ethylene at vari
ous stages of treatment are given in Table III. By assum
ing that this intensity is proportional to the number of 
“ oxygen” atoms originally present, the latter has been ar
bitrarily designated as n times this intensity factor since 
it is only the relative proportions of surface oxygen result
ing from these treatments that will be of further interest.

The addition of H2O is a necessary condition to gener
ate the type II hydroxyls after treatment b in Table III, 
and since treatment c simply doubles the total oxygen 
content relative to b, the stoichiometry of the reaction 
during treatment c must be of the type

Pt,0 +  H.0 — -  2PtOH
where the Pt represents surface atoms. We can presume 
that after treatment b there would be many other surface 
Pt atoms which do not have oxygen atoms associated with 
them and which are unreactive with H20, as has been 
found on a freshly prepared nonoxygen treated Pt surface. 
It follows from the above argument that the 2n “ oxygen” 
sites after treatment c must all be in the form of type II

PtOH groups, and therefore, in view of item 2 above, there 
must be An type I hydroxyl groups after treatment a.

The number of oxide and hydroxide sites for each treat
ment has been entered in the last two columns of 
Table III since the sum of these must equal'the total 
number of “ oxygen” atoms as determined by the CO in
tensity measurements. From the table it can be seen that 
when only the type I hydroxyl groups are present, the 
ratio of PtOH/PtO sites is 1/2.

Akhtar and Tompkins9 have recently investigated the 
stoichiometry of the following reactions on platinum films 
at 195°K

Pt + /A  — ► PtO (l)

PtO + V,H, —► PtH + H.0 (2)

Pill + 7A  — PtO + H O (3)
By measuring the initial oxygen uptake, and the subse
quent uptake of both H2 and 0 2 during the sequence of 
titration reactions depicted by eq 2 and 3, they found that 
the ratio of the second to first uptake of 0 2 [reaction 3/ 
reaction 1] was about 1.27 instead of 1.50, thus suggesting 
that some of the oxygen initially chemisorbed is inactive 
with respect to hydrogen titration. On the basis of the 
oxygen uptake, they then went on to show that if about 
15-17% of the oxygen sites were “ inactive” in reaction 2, 
perhaps forming PtOH groups or a PtOH2 complex, then 
they could account for their findings.

Akhtar and Tompkins also state that the ratio of H2 
uptake/02 uptake during titration is very close to 2.00. In 
fact, their values differ widely, and only average to 2.00 
(ignoring the first uptake of 0 2 and H2). It is more reveal
ing to consider the ratio of the nth uptake of H2/(n  + l)th
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uptake of 0 2, n = 1,2 , since this is the order in which
the successive titrations were carried out after the initial 
0 2 chemisorption (reaction 1). Akhtar and Tompkins’ 
data for two Pt films and the above ratios are given in Table
IV. From this table it can be seen that the ratio of the 
first uptake of H2/second uptake of 0 2 (2.28 and 2.29) is 
considerably greater than this ratio for successive titra
tions {n > 1), the values tending tc decrease to a mean of
2.00 as the number of titrations increases.

Akhtar and Tompkins have attributed the anomalously 
high value for the first H2 uptake, and the previously 
mentioned anomalously low ratio of the second 0 2 up- 
take/first 0 2 uptake (1.28 instead of 1.50 theoretical) to 
the formation of “ inactive” oxygen centers which form 
during the first C'2 chemisorption and first H2 titration 
and which yield PtOH and PtOH2 species. Our work has 
indicated that sucn species are not apparently formed via 
reaction 2, but PtOH species can be formed via reaction 3. 
If we assume that one of every three oxygen atoms as a re
sult of reaction 3 is a hydroxyl group, the following se
quence of reactions might occur during the Akhtar and 
Tompkins reaction cycle

Pt +  ‘/ A  — *  PtO (l)

PtO +  V-.H, *■ PtH +  E,C (2)

PtH +  - / A  ► PtOH +  -/¡PtO +  /;H,0 (4)

'/¡PtOH +  VaPtO +  VaE — -  PtH +  H,0 (5)

where (1) and (2) correspond to the first uptake of 0 2 and 
H2, respectively, and reactions 4 and 5 correspond to suc
cessive titrations. From this scheme, the ratio of the first 
uptake of H2/second uptake of 0 2 [(2)/(4) ] would be 2.25 
(experiment 2.28-2.29), and the ratio of the nth uptake of 
H2/(n  + l)th uptake of 0 2 [(5)/(4)] would be 2.00 for n > 
1 (experimental mean 2.02 for film A and 2.01 for film B). 
Further, the ratio of the second uptake of 0 2/first uptake 
of 0 2 [(4)/(1)] would be 1.33 as compared with experi
mental values of 1.28 and 1.24, values which are more rea
sonable than the value of 1.50 predicted by the scheme of 
Akhtar and Tompkins.

Hence it is not necessary to postulate that “ inactive” 
oxide centers exist on Pt in order to account for the re
sults of Akhtar and Tompkins, and the calculations above 
can be considered independently from our experimental 
work. We have stressed that our own value of 1/2 for the 
hydroxyl/oxide ratio is at best a crude approximation and 
in the absence of a careful parallel gravimetric study is to 
be treated as a guide only.

The explanation of the existence of two types of surface 
hydroxyl groups on Pt is almost certainly connected with 
the average oxidation state of the individual Pt atoms. 
Thus, when the surface oxygen content is high, the type I 
hydroxyl groups may correspond tc a situation in which 
the Pt atom is bonded to other oxygen atoms, whereas the 
type II hydroxyls exist only when the oxygen content is 
low and in view of the CO results, these may correspond 
to isolated PtOH species where the Pt is bonded only to 
other Pt atoms. Support for this comes from the observa
tion that the type II hydroxyl band can be converted to a 
type I hydroxyl after addition of 0 2.

Iridium and Rhodium. Unlike Pt. we were unable to 
find any examples in the literature of Ir or Rh compounds 
which have nonhydrogen bonded OH groups; therefore, a 
comparison of our metal-OH frequencies with those for 
model compounds is not possible. However, the fact that 
only type I hydroxyls are formed and that the reactivity of

the oxides toward CO and ethylene differs from that of Pt 
does illustrate that these surfaces have quite different 
properties.

The only characterized anhydrous oxides of Pt, Ir. and 
Rh are PtO, P t0 2, Ir0 2, and Rh2 0 3 , and the stability with 
respect to disproportionation into oxygen and metal is in 
the order Pt < Ir < Rh.24-25 The fact that 0 2 treated 
Rh-H  is not capable of oxidizing ethylene is probably just 
a reflection of the greater stability of the Rh surface oxide. 
Also, the fact that both Rh and Ir are unreactive with 
H20  after degassing at 400° (i.e.. type II hydroxyls are not 
formed) is probably again a reflection of their stability 
with respect to Pt. This increased stability might well be 
related to the fact that many partial oxidation products 
are produced when Ir and Rh are used as catalysts for the 
oxidation of 0 2/hydrocarbon mixtures, whereas C 0 2 and 
H20  are almost the sole products when P t is used.23

Nickel. The N iOH  band in the present work (3672 
cm A  is close to the single band reported by Kober18 
(3650 c m '1) for pure N i(O H )2 prepared at room tem pera
ture. Tretyakov and Filimonov19 report three bands at 
3735, 3690, and 3630 cm 1 (no spectrum or relative inten
sities given) after heating NiO in air at 500°. The band re
ported at 3620 c m '1 by Peri17 for a nickel-silica aerogel 
system appears at first to be quite different from ours 
(apart from the frequency shift) since it could not be re
moved by heating in hydrogen at 400°. Peri17 suggests 
that this band is due to SiO H  groups perturbed by the 
presence of nickel ions; however, M athieu26 suggests that 
it is due to NiOH species since he has observed such a 
band from pure N i(O H )2 near the same wave number. 
M athieu26 and W ebb27 have pointed out that Peri’s aero
gel support is somewhat unusual and might introduce fea
tures not encountered in the conventional supported sys
tems as used in this work. We would be inclined to assign 
Peri’s band to perturbed NiOH and not to perturbed 
SiOH.

Since nickel oxide is much more stable than the oxides 
of Pt, Ir, and Rh, the lack of reactivity with CO or ethyl
ene is not surprising.

Osmium and Ruthenium. The failure to detect OsOH 
species (near 3200 c m '1) was a disappointment, since 
many OsOH containing compounds are known. How'ever. 
in view of the well-known volatility of O s0 4 and R u 0 4, it 
is possible that the oxygen treatment simply resulted in 
the formation of these volatile oxides which subsequently 
left the surface.
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Temperature-Dependent Electron Spin Resonance Spectrum of 
Chlorine Trioxide Radicals Trapped in Magnesium Perchlorate

Kazuo S h im okosh i* and Y u ji M ori

Department of Chemistry. Tokyo Institute of Technology, Meguro-ku, Tokyo, Japan {Received July 24, 1973)

The esr spectrum of the C103, produced by the 7 -irradiation of Mg(C104) 2 at room temperature, and its 
dependence on temperature were studied. It was found that at temperatures lower than —80° the spectra 
of CIO3 showed the presence of two CIO3 radicals, while the spectra obtained at higher temperatures 
consisted of a single component. From the experimental results and the CNDO molecular orbital calcu
lations of the radical, an inversion, together with a lattice vibration, is proposed for The molecular mo
tion, which is operative in the system of C103 trapped in Mg(C104) 2 lattice, to interpret the observed 
temperature dependence of the spectrum. A CNDO treatment for the electronic energy of CIO3 showed a 
reasonable trends as a function of the bond angle (zOCIO), in particular, for the spin densities and hy- 
perfine splittings of C l03.

Introduction

A number of paramagnetic centers have been observed 
in irradiated chlorates1 and perchlorates. 2 Among these 
the presence of C103 is now well established. Vintherlb 
has recently found that in the X-ray irradiated NaC103 

crystal at low temperatures C103 is formed in two modifi
cations with different g and A  tensors. The explanations 
for these two species have been proposed by the same au
thor through his results of thermal and optical transfor
mation of one modification to another, though the ob
served transformation was not reversible.

Recently we have observed the temperature-dependent 
esr spectra of C103 formed by the irradiation of 
Mg(C1 0 4)2 powder at room temperature. The spectrum 
change with temperature, which was observed in the pres
ent experiments, was strictly reversible. The spectra ob
served at temperatures lower than —80° have shown the 
presence of two types of radicals, while the spectra ob
tained at higher temperatures were the same as those re
ported by Atkins, et al.,2 where they have observed the 
spectra of C103 produced by the irradiation of Mg(C1 0 4)2 

powder and recorded at —78°.
This paper describes the results of our esr study of CIO3 

radicals and the dependence of esr spectra upon the tem
perature, together with the CNDO molecular orbital cal
culation for the radical.

Experimental Section

Mg(C104 ) 2 obtained from Wako Pure Chemicals Ltd. 
was dried at 200° in vacuo for several days. The samples 
in a sealed quartz tube (4 mm o.d.) were irradiated by 
60Co 7 -rays (2.4 X  107 R) at room temperature. The esr 
measurements were made by a JES-3BSX X-band spec
trometer with 100-kHz modulation. The spectra were re
corded at various temperatures. The temperature of the 
sample was controlled by a conventional thermocontrol 
unit.

Esr Results

In Figures 1 and 2 are shown the spectra observed at 
room temperature and -196°, respectively, after the irra
diation of Mg(C1 0 4 )2 powder at room temperature. Spec
trum R in Figure 1 is almost identical with that obtained 
by Atkins, et al.2 Peaks and shoulders in the spectra are 
evident for 35C1 and 37C1. As has been done by Atkins, et 
al., the spectra can be identified with that of CIO3 . The 
signals appearing in the central part of the spectrum may 
be due to other radical species, such as O" and 0 3_, and/ 
or to the forbidden transitions of CIO3 .3 Therefore, for the 
present purposes, these signals in the central part were 
neglected. In Figure 2 a series of new signals (spectrum B) 
is clearly identified as indicated in the figure. Spectrum A 
in Figure 2 is almost identical with spectrum R in Figure
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TABLE I: Magnetic Parameters for CI03

Species Temp, °C / t( is o ), G A x , Ga A i . G 9± 9

CI03(R) 20 132.9 - 1 7 .2 34 .3 2 .007 dh 0.001 2.009 ±  0.001
CI03(A) - 1 9 6 132.2 - 1 6 .8 33.6 2 .007 ±  0.001 2.009 ±  0.001
CI03(B) - 1 9 6 144.4 - 2 2 .2 44.3

a The sign of Ax and A 11 could not be determined from the observed spectra. They, however, should be of opposite sign.2

Figure 1. Esr spectrum (R) of CI03 recorded at room tempera
ture (20°). Arrows show the hyperfine components of 37CI. The 
stick diagram indicates assignment of t ie  hyperfine splitting for 
35CI in each direction. For clarity the central part of the spec
trum is omitted.

U_________________fi_________________U __________________ LJ
a\

Figure 2. Esr spectra of CIO3 recorded at -1 9 6 °. The stick di
agram indicates assignment of the hyperfine splitting for 35CI in 
each direction. The suffices 1 and 2 of t ie  hyperfine splittings A 
correspond to the spectra A and B, respectively. Arrows show the 
hyperfine components of 37CI.

1. From a comparison of the spectra in Figures 1 and 2. it 
was found that both spectra A and E have similar features 
in spite of the appreciable difference in the hyperfine 
splittings.

In our estimation of magnetic parameters, A and g ten
sors were assumed to be axial, though the splittings and 
intensities of each component may deviate from the sim
ple axial symmetry because of the second-order effect and 
possibly the nuclear quadrupole interaction from the chlo
rine nucleus. The parameters estimated from the present 
experiments are listed in Table I. The spectra in Figure 2 
and the values in Table I clearly indicate the presence of 
two types of spectra at -196°, one of which is considered 
to be quite similar to that observed at room temperature 
(Figure 1).

Figure 3. Variation of the spectra with temperature on the hy
perfine component of Mi =  — 'k-

The spectra were also measured at various temperatures 
in order to follow the spectrum change. The spectra in 
Figure 2 did not show any change up to -110°. If the tem
perature was elevated above - 110°, the intensity of signal 
B decreased accompanying the increase in that of A. On 
cooling the samples the spectra in Figure 1 changed, 
showing a new spectrum at about -80°, which was the 
same as B in Figure 2. These variations of the spectra 
with temperatures were reversible, and are shown in Fig
ure 3 on the hyperfine components of MR^Cl) = -% , and 
MA^Cl) = — If the samples were kept in a sealed 
tube, the radicals were stable more than a month at room 
temperature and the effect of the temperature on the 
spectral feature was the same as that observed in the 
fresh samples. By heating the samples to 50° for a few 
hours, the intensities of the spectra were gradually de
creased. However, both spectra A and B could still be de
tected as observed before the annealing.

Discussion
It is, of course, observed that there is good agreement 

between our esr parameters of spectrum R and those re
ported previously.2 It may, therefore, not be necessary to 
discuss further the spectra obtained at higher tempera
tures. In the interpretation of spectra A and B observed at 
low temperatures, the difference may not be attributed to 
the species placed in the equivalent positions of the crys
talline lattice and in the different orientations with re
spect to the applied field, since the spectra were obtained 
from powdered samples. In any events, since the spectra 
were dependent upon temperature, the dynamical pro
cesses may be taken into consideration to interpret the 
dependence. Therefore, the possible explanation of the 
data in Table I should be as follows: (a) the two species 
are connected by inversion, which gives rise to different 
crystalline environmental effects for the radicals, and are 
interchanging between both states; (b) the radicals inter
acts with crystalline atoms or other radiation-induced de-

The Journal of Physical Chemistry, Voi. 77. No. 26. 1973



3060 Kazuo Shim ckoshi and Yuji Mori

Z

o
X

Figure 4. Coordinate system of C I03.

fects in the lattice; and (c) the radicals have the electron
ic isomers with the slightly different geometries, energies, 
and, therefore, the spin densities on Cl.

CNDO Calculations. It may be essential to have knowl
edge of the electronic states of the radicals in order to 
provide an assessment of the possibilities mentioned 
above. Though Walsh4 has made a systematic discussion 
on AB2 and AB3 molecules, it may be useful to have re
sults of a detailed calculation, particularly a semiquanti- 
tative estimation of the spin densities, to compare with 
experimental values. There have been several CNDO cal
culations on radicals containing the phosphorus atom.5 
However, there seems to have been r.o CNDO calculation 
of CIO3 reported thus far. Therefore, we have made some 
calculations with the open-shell CNDO molecular orbital 
method.6 The basis set chosen for the present calculation 
involves Slater-type 2s and 2p orbitals on each oxygen 
atom, and 3s, 3p, and 3d orbitals at the chlorine atom. 
The orbital exponents for the atomic orbitals of the chlo
rine and oxygen atoms have been selected according to 
Slater's rule. Calculations have been made for various 
bond angles (. OCIO) of CIO3, where the molecule has 
C3, symmetry, with the C l-0  bond length fixed at 1.5 A .7 
The choice of the coordinate system for CIO3 is shown in 
Figure 4.

Variations of molecular energy and valence shell s and 
pz orbital spin densities on the chlorine atom are shown in 
Figure 5 as a function of bond angle ft for the ground elec
tronic state. When H is smaller than 111.5°, the singly 
occupied molecular orbital with a2 symmetry consists of 
2p.r and 2pv orbitals at the oxygen atoms. As 6 increases 
the energy of the a2 orbital decreases and for d larger than 
112°, the singly occupied orbital is changed to that with ai 
symmetry involving 3s, 3p2, and 3d*2 at the chlorine 
atom. As might be expected,4 therefore, CNDO calcula
tion predicts a sudden change in the ground electronic 
state from 2A2 to 2Ai, as 6 increases through 112°, and 
this accounts for the discontinuities as seen in Figure 5.

In the static approach to the configuration of CIO3 it is 
possible to estimate the molecular geometry of C103 from 
the observed hyperfine splitting. Variation of the calculat
ed molecular energy with bond angle shows the double 
minima at 110.5 and 116°. These minima arise from the 
different electronic configurations. Since the a2 orbital 
does not involve chlorine orbitals and the 3s spin density 
at the chlorine atom, is extremely small at bond angles (d) 
smaller than 111.5°, the A2 state can not be attributed to 
any of the observed species A and B, both of which have 
large isotropic hyperfine coupling constants.

In an optimized geometry with respect to molecular 
energy, which is found at 0 = 116° and a bond length of
1.5 A, 3s spin density is 0.0466. Taking the free atom 
value of ac-i(3s) as 1685 G8 for 35C1, the experimental s or
bital spin densities for Cl in C103 are 0.0785 and 0.0859 
from spectra A and B, respectively. The anisotropic cou-

—-e

— ►e
Figure 5. Plot of molecular energies and soin densities of C I03 
calculated by the CNDO method as a function of the bond angle 
(ZOCLO): (a) 3 ,  total energies; O, energies of singly occu
pied orbital (a2); • ,  energies of singly occupied orbital (a,); (b) 
•  , Cl(3s) spin densities; O, Cl(3pz) spin densities.

pling estimated from the calculated 3p density on Cl is
35.22 G, taking the value of B(3P) as 50 G8 for 35C1. This 
value for the anisotropy may be compared with the exper
imental values of 33.6 (A) and 44.3 G (B) in Table I.

Contrary to the results expected from Walsh’s rule.4 the 
3s spin density decreases as the angle ti decreases as 
shown in Figure 5. This is, possibly, a result of the inclu
sion of d orbitals, as has appeared in CNDO calculations 
of radicals containing phosphorus atoms by Kilcast and 
Thomson.5 Further it may be pointed out9 that, since in 
the present calculation we used the common exponent for 
3d. 3s, and 3p orbitals, the effects of 3d involvement is 
overemphasized. Therefore, agreement between the calcu
lated and measured spin densities would be satisfactory, 
even though the calculation is not sufficient to give quan
titative estimates of the hyperfine couplings for the spec
tra A and B. and the effects of the crystal field on the mo
lecular state may be by no means negligible.

From the experimental results that the species A and B 
are interchangeable with rather a low potential barrier, we
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have investigated the possible dynamic processes. Since 
both spectra were anisotropic even at higher tempera
tures, it is expected that the dynamic process can be re
stricted to two in:erchangeable states. The CNDO calcu
lation does not show the double minimum potential with
in Ai symmetry, and also suggests that the ground state 
of CIO3 may have Ai symmetry because the experimental 
large hyperfine splittings can not be explained by the A2 
ground state. It is conceivable, as has been suggested by 
Vinther,lb that the two species are related by inversion, 
where the molecule passes througn a D3fl configuration, 
since in the perfect lattice the environmental effects are 
not symmetric with respect to inversion of CIO3. Accord
ing to the CNDO calculations the potential barrier for this 
geometrical distortion is 15.1 kcal/mol. This calculated 
barrier seems to be a little high to interpret the observed 
temperature dependency. However, the environmental 
perturbation on the molecular states, inevitably, more or 
less limits the usefulness of the free-moleeule calculations. 
In the present case of the CIO3 radical formed in 
Mg(C104)2 lattice it was found that the observed isotropic 
hyperfine splitting was larger than that calculated for the 
optimized molecu.ar configuration with respect to bond 
angle, and that the calculated spin density on Cl(3s) in
creased with if. It is. therefore, suggested that the geome
try of CIO3 stabilized in the crystalline lattice is different 
and possibly has an angle larger than that obtained from 
the free-molecule calculation. The distortion of the geom
etry in the stabilized form toward a planar conformation 
may reduce the energy barrier for the inversion to make 
this feasible.

In view of the above discussion and the experimental 
results that the cnange of the spectrum occurred over a 
relatively narrow range of temperature, we have made an 
investigation of the type of motion governing the tempera
ture dependence o: the spectrum. If the motion of the rad
ical is independent of the lattice vibration throughout the 
experimental temperatures, the observed temperature de
pendence would be interpreted by a jumping type of mo
tion. The studies by Davidson and Miyagawa,10 and 
Clough, et al. , 11 snow that magnetic resonance spectra of 
the RR'C-CH3 radical are affected by the interchange of 
the methyl protons during tunneling motions. According 
to this model, however, it may be expected, contrary to 
the present results, that the spectrum observed at higher 
temperatures is the intermediate of low-temperature spec
tra A and B, and the actual spectrum observed around 
-90° in our experiments is affected by the jumping mo
tion to show a complex pattern.11 Therefore, it is likely 
that the lattice vibration also contributes to the spectrum 
change.

The following scheme may be conceivable for the inter
pretation of the spectrum change :n the present system,

though the tunnelling motion can be operative simulta
neously. At higher temperatures the inversion is rapid 
enough to average spectra A and B. However, the hyper
fine splittings of the spectra obtained at higher tempera
tures are not necessarily equal to the average splittings of 
A and B, because the increased vibration of atoms sur
rounding the radical may produce a different environment 
at higher temperatures. The difference in environmental 
effects can give a similar splitting constant of spectrum R 
to that of A in Figure 2, as shown in Table I. At lower 
temperatures the radicals are stabilized with the two 
modifications related by inversion.

There may be other modes of interaction of the radicals 
with the crystalline atoms or other radiation-induced cen
ters. It is possible that the fragment ions formed from 
CIO4-, such as 0 ~, are trapped nearby sites of the radi
cals, and influence the electronic states of the radicals 
through its polarizability. Therefore, if the radicals are in
fluenced by those centers and experiencing the inter
change between the equilibrium positions, the spectra ob
tained in the present experiments can be expected. How
ever, there seems to be no evidence of such trapping sites 
of fragment ions.

Consequently, though there may be a possibility for the 
presence of electronic isomers with slightly different 
geometries, it may be concluded that the observed spectra 
can be explained more reasonably by the inversion of radi
cals than the other modes of motion. This model could be 
better explained by the CNDO calculation of CIO3.
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The Raman spectrum of argon matrix-isolated CI2O exhibited bands at 638, 298, and 678 cm 1, in agree
ment with the infrared spectrum. Laser photolysis (4880 A) of the sample was evidenced by intense 
Raman bands at 962, 373, and 241 cm ^1 due to the C1-C10 photoisomerism product and a weak Raman 
band at 850 cm “ 1 due to the CIO photolysis product; infrared studies confirmed these assignments. The 
mercury arc photolysis of CI2O, O3 matrix samples produced an intense doublet at 995 and 986 cm - 1 
which is assigned to C1==0-C1=0, another form of CIO dimer.

Introduction

The Raman spectrum of argon matrix-isolated OF2 has 
been recently reported by Andrews using argon ion laser 
excitation.1 During laser illumination for Raman scatter
ing, the Raman fundamental of the OF radical appeared 
in the spectrum; the OF signal increased as a function of 
laser irradiation time on the sample. Accordingly, the 
Raman spectra of C120  and the CIO free radical were sought 
using the same techniques.

Infrared spectra of matrix-isolated CI2O and its mercury 
arc photolysis products CICIO and (CIOD have been re
ported by Rochkind and Pimentel (hereafter called 
RP).2-3 Gardiner4 has recently reported Raman spectra of 
liquid and solid CI2O and confirmed the RP vibrational 
assignments.

In a study of alkali metal atom matrix reactions with 
C120 , Andrews and Raymond5 observed two new infrared 
bands at 995 and 850 cm ^1 which showed proper oxygen- 
18 shifts for the CIO free radical. Following the rationale 
that the CIO fundamental should be higher than the CIO 
frequency in Cl-CIO (which occurs at 962 cm -1) these 
workers assigned 995 cm -1 to CIO and 850 cm -1 to a per
turbed CIO species, although the reverse possibility could 
not be excluded.

The electronic spectrum of the CIO free radical has 
been investigated extensively.6-7 In a very recent study of 
the vacuum ultraviolet absorption spectrum of CIO by 
Basco and Morse,8 six electronic band systems were as
signed to CIO; hot bands in three of these systems provid
ed the ground state vibrational frequency of 845 ±  4 
cm _1.

The major aim of this study was to observe the Raman 
fundamental of C I O  and to identify the C I O  species ab
sorbing at 995 and 850 cm -1. Infrared spectra of the mer
cury arc photolysis products of C I 2 O  and O 3  mixtures in 
solid argon and laser-Raman studies of argon matrix-iso
lated C I 2 O  are described in a subsequent article.

Experimental Section

The cryogenic apparatus, vacuum vessel, experimental 
technique, and instrumentation for the laser-Raman ma
trix isolation experiments have been described earlier.1-9 
Dichlorine monoxide and Cl2lsO were synthesized using 
the apparatus and methods described elsewhere.5 The 
C I 2 O  samples were diluted in argon (Ar/C^O = 50, 100) 
and deposited from a stainless steel vacuum line for 6 hr

at the rate of 2 mmol/hr onto a tilted copper block main
tained at 16°K. The 4880- and 5145-A argon ion laser lines 
were used as sources for Raman excitation. Typical spec
tra were recorded at 20 cm _1/min using a 3-sec rise time 
and the 0.3 X 10 "9 A range. The spectra were calibrated 
against argon ion emission lines superimposed on the ac
tual scan; frequency accuracy was ±2 cm A

The refrigeration system, vacuum vessel, and infrared 
matrix techniques have been described in earlier papers.10 
Ozone was synthesized by tesla coil discharge of O2 gas in 
a Pyrex finger immersed in liquid nitrogen.11 O3 and CI2O 
samples were deposited from separate manifolds in one 
experiment and these reagents were mixed in and deposit
ed from the same stainless steel can in several experi
ments.

Infrared spectra were recorded during and after deposi
tion and also after each photolysis on a Beckman IR-12 
filter-grating infrared spectrophotometer in the 200- 2000- 
cm _1 spectral region. Deposition time and rate for in
frared experiments were approximately 20 hr and 1.5 
mmol/hr, respectively. High-resolution spectra were taken 
using 8 cm ^/m in  scan speed and 20 cm '^/in scale ex
pansion; wave number accuracy was ±0.5 cm -1 with bet
ter than 1-cm _1 resolution.

Sample irradiations were made using a high-pressure 
mercury arc (General Electric BH6). A saturated aqueous 
NiSCL + C0SO4 solution filter (transmits 90% at 2200- 
3600 A and 10% at 5600-6300 A), a water filter, and a 
water filter plus a Pyrex glass plate were used separately 
for different experiments.

Results and Discussion

Raman Spectra. Dichlorine Monoxide, CI2 O. Eight 
new bands were observed in the Raman spectrum of argon 
matrix-isolated dichlorine monoxide; these are illustrated 
in Figure la. Three of these Raman bands, designated a at 
638. 298, and 678 cm -1 are respectively due to vi, v2, and 
i>3 of CI2O. The stretching modes were observed as split 
bands at 639.8 and 637.0 cm -1 and 677.2 and 675.2 cm -1 
due to chlorine isotopes in the infrared matrix spectrum. 
The Raman argon matrix bands are in good agreement 
with the Raman bands of liquid CI2O: 634. 293. and 673 
cm A4

The remaining five Raman bands designated by b. c. 
and d are due to laser photolysis products of CI2O formed 
during the recording of Raman spectra. The intense
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Raman bands at 962 and 373 cm 1 labeled b agree well 
with the RP3 infrared assignments of 962 and 374 cm 1 to 
C1C10 following mercury arc photolysis of CI2O in solid 
argon. The very intense b band at 241 cm “ 1 is associated 
with the 962- and 373-cm-1 bands by their parallel growth 
and disappearance behavior during laser photolysis. The 
new 241-cm“ 1 Raman band, which is assigned to the Cl- 
C l-0  bending mode, vz, completes the vibrational spec
trum for CICIO.

The weak Raman band labeled c at 850 cm -1 is most 
interesting since this frequency is in good agreement with 
the 850-cm-1 infrared band from alkali metal-C^O ma
trix reactions and the 845 ±  4 cm “ 1 frequency for CIO de
duced from the electronic spectrum.8 In the best of 15 
runs, the 850-cm-1 band was observed with enough inten
sity to partially resolve a splitting at 845 cm -1 which may 
be contributed by natural Cl-37; this band is shown in the 
inset block of Figure 1. In the oxygen-18 experiment dis
cussed below, the 850-cm-1 band shifted to 818 cm -1. 
The isotopic frequencies are appropriate for a diatomic 
harmonic oscillator. Noteworthy is the absence of Raman 
signal at 995 cm “ 1, the frequency of the earlier infrared 
assignment5 to CIO. The Raman observation of 850 cm -1 
and not 995 cm -1 suggests the reassignment of 850 cm -1 
to CIO and 995 cm “ 1 to a perturbed CIO species.

The shoulder labeled d at 944 cm -1 in the Raman spec
trum has an infrared counterpart at 947 cm -1 in argon 
and a nitrogen matrix absorption at 945 cm -1. The fre
quency has been assigned to (C10)2 by Alcock and Pimen
tel.12

All of the eight labeled bands :n Figure la were ob
served in the same spectrum scanning a fresh spot of sam
ple with minimum exposure to the laser. However, the in
tensity behavior of the eight bands under laser irradiation 
was quite different. During the course of repeating scans 
of the 200- 1000-cm -1 region bands b and d increased in 
intensity as the intensity of a decreased; then the intensi
ty of d began to decrease while b was still growing. This 
indicates that (C10)2 is not a stable species, but is subject 
to further photolysis, perhaps to CI2 and O2. Due to the 
lack of appreciable intensity for the 850-cm 1 band, the 
photolytic behavior of CIO relative to CICIO is not quite 
clear. However, the 850-cm-1 CIO band is one of the pho
tolysis products of CI2O. In the 400-600-cm-1 spectral re
gion omitted from Figure la, a single strong band at 534 
cm -1 due to CI2 was observed; the CI2 Raman band in
creased in intensity as a function of laser illumination 
time. This indicates that Cl2 is also a photolysis product 
of CI2O. As expected the other photolysis product, O2, 
was observed at 1552 cm -1. After 1 hr of exposure to 300 
mW of 4880-A radiation all signal intensities were re
duced; the reddish-brown sample appeared to be bleached 
by the laser beam. 5145-A excitation produced compara
ble Raman signals to 4880-A excitation although 4880 A 
produced a slightly better yield of photolysis, products. 
The 5682-A line of a krypton plasma laser produced weak 
signals for i>i and vz of CI2O, a weak band at 940 cm -1, 
and no detectable Cl-CIO or CIO photolysis products.

Oxygen-18 Dichlorine Monoxide, C/2180. The Raman 
spectrum of an equimolar Cl2160 -Cl2180  argon matrix 
sample was examined in three experiments; Figure lb 
presents the best spectrum obtained. New oxygen-18 
species are labeled with a prime corresponding to the oxy
gen-18 counter-part of a band observed previously: a- 
C12160  and a'-Cls180 . The vi and vz Raman bands of 
C12180  labeled a' were observed at 612 and 647 cm -1 in

F igu re  1. Raman spectra of argon matrix-isolated Cl20  and its 
laser photolysis products at 15°K. Approximately 300 mW of 
4880-A excitation at the sample: (spectrum a) A r/C l20  = 100, 
inset box contains best Raman spectrum of 850-cm -1 band; 
(spectrum b) A r/C l20  =  100, Cl2 160 /C I2180  ~  3/2.

good agreement with chlorine isotopic infrared bands5 at
615.8, 613.0 cm -1 and 649.3, 647.5 cm -1. The bending 
mode band near 298 cm -1 was not resolved into oxygen 
isotopic components. The b ' band at 927 cm -1 corre
sponds to the oxygen-18 counterpart of the 962-cm-1 
CICIO v\ band. The intense bands at 373 and 238 cm -1 
labeled b + b ' contain both ClCl-60  and C1C1180  isotopic 
bands for vz and vz of Cl-CIO. A weak band at 818 cm -1 
labeled c ' is the oxygen-18 counterpart of the 850-cm-1 
Raman CIO band. The weak d ' shoulder at 908 cm -1 cor
responds to (Cl180)2 observed in -he infrared at 909 cm -1 
in solid N23 and at 910 cm -1 in solid argon.

Infrared Spectra. In order to correctly identify the 995- 
cm -1 band assigned earlier5 (and now we believe incor
rectly) to CIO, it was desired to produce as large a yield of 
the 995-cm-1 band as possible. Arkell and Schwager have 
shown that in situ photolysis of CI2O-O3 argon matrix 
samples produced an extraordinarily good yield of the 995- 
cm-1 band.13 Accordingly the photolysis of CI2O-O3 ma
trix samples was investigated. First, the photolysis of 
CI2O in argon was studied to seek the infrared counterpart 
of the 241-cm-1 Raman band assigned above to v3 of 
CICIO. Second, the photolysis of ozone-dichlorine monox
ide mixtures will be discussed. Lastly, two new experi
mental techniques for producing CIO species, microwave 
discharge and proton beam irradiation, will be briefly re
ported.

Dichlorine Monoxide Photolysis. Figure 2 contrasts the 
spectral regions of interest; trace a illustrates the 200-  
260-, 340-420-, and 900-1000-cm-1 spectral regions for 
an Ar/C^O = 100 sample deposited for 20 hr; trace b 
shows the effect of mercury arc photolysis through a satu
rated NiS04-C oS04 filter for 10 min. The intense doublet 
at 961.8 and 953.7 cm -1 is in excellent agreement with 
the RP3 result for vi of CICIO, the C l-0  stretch. Note the 
well-resolved chlorine isotopic splitting. Arkell and 
Schwager13 have also observed this intense doublet at
961.0 and 952.7 cm -1 after mercury arc photolysis of Cl2,
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= 100 sample before photolysis; (b) after photolysis for 10 min 
using ultraviolet radiation (saturated CoSOi-NiSO« filter); (c) 
A r/C I20 / 0 3 = 100/1/1 sample after 33-min ultraviolet and
3-min ultraviolet and visible (water bath filter) photolysis; (d) 
A r/C l20  +  Cl2180 / 160 3 =  120/1/1, CI2160 /C I2180  ~  2/3 
sample after 15-min ultraviolet photolysis.

O3 argon matrix samples. The partially resolved quartet 
at 375.1, 371.2, 369.3, and 365.7 cm -1 in Figure 2b agrees 
with the RP finding;3 the chlorine isotopic structure is ap
propriate for a Cl-Cl stretch of two nonequivalent chlorine 
atoms. The new band at 239.4 c m 1 parallels the other 
two bands in photolysis growth behavior; this feature was 
not observed by RP due to the 250-cm-1 low-frequency
limit of their spectrophotometer. The weak 239.4-cm-1 
infrared band is associated with the intense 241-cm-1 
Raman band.

Dichlorine Monoxide-Ozone Photolysis. An Ar/CRO/03 
= 100/ 1/1 sample was subjected to a detailed mercury arc 
photolysis study. First, a saturated NiSOi-CoSCR filter 
was used (transmits 2200 A < X < 3600 A) for ultraviolet 
photolysis without appreciable visible light; four spectra 
were recorded at regular intervals during a 33-min photol
ysis period. The 995-, 986-cm-1 doublet and the 962-, 
954-cm-1 doublet uniformly appeared during photolysis 
reaching intensities of 0.16 OD for the 995-cm-1 band and 
0.09 OD for the 962-cm 1 band after 33 min of uv photol
ysis. Clearly, uv photolysis favored the production of the 
995-, 986-cm 1 doublet relative to the 962-, 954-cm 1

doublet. Second, a water filter only was used (transmits 
2200 A < X < 10,000 A) for an additional 3 min of photol
ysis; this spectrum is shown in Figure 2c. The 995-cm 1 
band increased to 0.38 OD while the 962-cm-1 feature 
markedly grew to 1.3 OD; no band was observed at 850 
cm -1. Note the parallel intensity behavior of the 962-, 
375-, and 240-cm-1 Cl-CIO bands. An additional 20 min 
of full uv and visible photolysis further increased the 962- 
cm -1 band but the 995-cm 1 band decreased to 0.14 OD. 
The 986-cm-1 band maintained a constant one-third in
tensity relative to the 995-cm-1 band during photolysis 
studies; the 986-cm 1 band is clearly the Cl-37 counter
part of the 995-cm-1 Cl-35 band. This was verified by a 
harmonic diatomic calculation with the two frequencies 
measured at 994.3 and 985.6 cm 1 on expanded scale.

The 994.3-, 985.6-cm-1 photolysis doublet agrees well 
with the 994.8-, 985.8-cm-1 doublet observed by Andrews 
and Raymond5 following lithium atom-CRO matrix reac
tions. These workers also observed the oxygen-18 isotopic 
species at 957.3 cm -1. Clearly these isotopic shifts are ap
propriate for a harmonic isolated C l-0  vibration. The ob
servation of the greatest yield of the 995-, 986-cm-1 dou
blet with O3 and CRO photolysis and no detectable quan
tity with CRO photolysis indicates that these bands are a 
photolytic reaction product of CRO and O3. Furthermore, 
these bands were favored by ultraviolet photolysis which 
dissociates ozone to O2 and an oxygen aiom which is free 
to diffuse through the argon matrix and react with a suit
able molecule. This evidence strongly points to the identi
fication of the 995-, 986-cm-1 doublet as C 1=0-C 1=0, 
another structural isomeric (CIOR species. In the lithium 
-CRO matrix reaction work,5 this species was produced 
by dimerization of CIO radicals, evidenced by the 850- 
cm -1 absorption, now correctly assigned as isolated CIO 
monomer.

The ultraviolet photolysis of a CR160 /C R 180  «= 2/3 
sample with 160 3 using the CoS0 4-NiS04 Fdter is shown 
in Figure 2d. Oxygen-18 counterparts for the Cl-CIO 
bands are immediately obvious. The intense doublet at
925.5 and 916.8 cm -1 is the C l-0  stretch for the 
C135C1180  and C137C1180  isotopic species. Again, the iso
topic structure of the 374-cm-1 band was not completely 
resolved; components at 374.1, 370.1, 368.8, and 364.5 
cm -1 were observed under high resolution. The oxygen-18 
shift for the Cl-Cl mode of Cl-CIO is on the order of 1 
cm -1. In the low-frequency region, the oxygen-18 counter
part of the 239.4-cm-1 band was resolved at 231.8 cm -1. 
This doublet confirms the bending mode assignment of 
Cl-CIO.

Microwave Discharge of Ar-Cl2-02 Mixtures. It was de
sired to produce the 995- and 850-cm-1 infrared bands 
with as many physical techniques as possible. Three ex
periments were conducted passing argon, chlorine, oxygen 
mixtures through a microwave discharge and condensing 
the effusing gases at 15°K; the apparatus has been de
scribed by Smith and Andrews.14 Best results were ob
tained using Ar/CR/02 = 100/ 2/ 1. In one particularly 
productive experiment, discharged sample was deposited 
for 28 hr and a number of familiar new bands were ob
served. The most intense feature was a doublet 1039 and 
1033 cm -1 due to ozone; CIO2 bands were observed at 
1100 and 952 cm -1. CICIO was evidenced by an intense 
doublet at 962 and 954 cm -1 and a single feature at 375 
cm -1 with low-frequency shoulders. Of most interest were 
sharp reproducible bands at 849.5 (0.025 OD) and 994.6
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cm 1 (0.015 OD). These features are assigned here to the 
CIO radical and a CIO dimer, respectively.

Proton Beam Irradiation of Ar~Cl20  Mixtures. An ap
paratus has been developed in this laboratory15 to deposit 
a 2-keV proton beam into matrix samples. The gross ef
fect is the production of bombarding electrons through the 
matrix from ionizing argon atoms as the proton kinetic 
energy is absorbec. Sample deposition of Ar/Cl20  = 100 
with simultaneous proton beam irradiation was conducted 
for 24 hr. The ozone band at 1039. 1033 cm -1 and the 
CIO2 band at 1100 cm “ 1 were observed. Interestingly 
CICIO was produced in large yields as evidenced by bands 
at 962 and 954, 375, and 240 cm “ 1. Also observed was 
the 696-cm“ 1 feature assigned by Noble and Pimentel16 to 
HC12, and a doublet at 984, 975 cm “ 1 which was assigned 
by RP3 to another (C10)2 dimer. Lastly, a good yield of 
the 994.8-cm“ 1 feature (0.09 OD) and a typical yield of 
the 849.3-cm 1 band (0.02 OD) were recorded.16b Sample 
warming to approximately 38°K and recooling to 15°K es
sentially eliminated the weak 850-cm“ 1 band and reduced 
the 995-cm“ 1 band to 75% of its original intensity while 
the 984-, 975-cm“ 3 doublet increased to 180% of its origi
nal intensity. This diffusion experiment reduced the 
CICIO features by 30%.

Normal Coordinate Analysis. With a complete set of 
Cl-CIO fundamental frequencies in hand, a normal coor
dinate analysis was done using the Wilson FG matrix 
method17 and the Schachtschneider18 programs GMAT 
and FADJ. Since no structural data are available for the 
Cl-CIO intermediate species, preliminary force constant 
estimates and Badger’s rule19 were used to estimate the 
C l-0  bond length of 1.587 A and the Cl-Cl bond length of 
2.263 A for Cl-CIO. Valence angles of 180, 120. and 90° 
were used; 120° gave the best correlation between calculat
ed and observed frequencies; thus, we estimate the Cl- 
CIO bond angle is in the 120° vicinity, near the 110° bond 
angle for the isoelectronic C120  molecule.2

Twenty-four frequencies (fourteen of them were inde
pendent) for the isotopes 35C135C1160, 35C137C1160,
37C135C1160, 37C137C1160 , 35C135C1180  , 35C137C1180,
37C135C1180 , and 37C137C1180  were used as input data for 
the force constant calculations. Three calculations were 
done for the 120° geometry: first, the best diagonal force 
constants were determined holding the off-diagonal con
stants at zero: second, the diagonal and Cl-Cl stretch- 
bend interaction force constants were calculated; third, 
the diagonal and three off-diagonal potential constants 
were determined. All three of these calculations produced 
an excellent frequency fit (average error 0.4 cm -1). More 
importantly, the d.agonal force constants changed by only 
±0.06 units when one or three off-ciagonal potential con
stants were determined. The interaction constants were 
small with errors of the same magnitude, but the princi
pal constants were well defined with very small errors. 
The diagonal potential function listed in Table II together 
with the potential energy distribution for the 35C13SC1160  
isotopic frequencies adequately defines the vibrational 
frequencies of Cl-CIO which are listed in Table I. The ex
cellent frequency fit without interaction force constants 
and the lack of appreciable potential energy distribution 
to interaction force constants when calculated show that 
the normal modes of Cl-CIO are well described, respec
tively, by the internal coordinates C l-0  and Cl-Cl bond 
stretching and C1-C1-0 valence angle bending.

The C l-0  force constant of Cl-CIO, 5.94 mdyn/A, is

TABLE I: Observed and Calculated Frequencies0 from 
Normal Coordinate Analysis of Cl-CIO'’

Iso top ic 
frequencies, 

cm  '

Isotopic 
frequencies, 

c m - 1

obsd ca lcd obsd calcd

35C I35C I160 35C I35C I180
V i 9 6 1 .8 9 62 .1 Vy 9 2 5 .5 9 2 5 .4

V2 3 75 .1 375 .1 V 2 3 74 .1 374.1

Vi 2 3 9 .4 2 4 0 .8 V 3 2 3 1 .8 2 3 3 .5
35C I37C I160 35C I37C I180

Vi 9 5 3 .7 9 5 3 .7 v^ 9 1 6 .8 9 1 6 .6

v ? 3 6 9 .3 3 6 9 .7 V2 3 6 8 .8 3 6 8 .6

Vi 2 3 9 .4 2 3 9 .6 V 3 2 3 1 .8 2 3 2 .3
37c i 35c i 16o 37C I35C I’ 8O

v-\ 9 6 1 .8 962 .1 V 1 9 2 5 .5 9 2 5 .4

V l 3 7 1 .2 3 7 1 .2 V  2 3 70 .1 3 7 0 .0

V i 2 3 9 .4 2 3 8 .9 V 3 2 3 1 .8 2 3 1 .5

37C I37C I160 37C 37C I180

V\ 9 5 3 .7 9 5 3 .6 V y 9 1 6 .8 9 1 6 .6

v 2 3 6 5 .7 3 6 5 .6 V 2 3 6 4 .5 3 6 4 .4

"3 2 3 9 .4 2 3 7 .7 V i 2 3 1 .8 2 3 0 .4

a Average d iffe rence  between ca lcu la ted  and observed frequencies,
A k =  0.4 cm _1. 6 G eom etry: C l-0 d is tance  1 .587 A, C l- Cl d istance
2.263 À, C l-C l- O angle 120c

TABLE II: Potential Constants and Potential Energy Distribution
from Normal Coordinate Analysis of CI-CIOa

Fu" f 22 F 33

F o rc e  c o n s ta n ts 5 .9 4 1 .3 7 0 .7 8

E rro r 0 .0 5 0 .0 3 0 .0 3

P o te n tia l e n e rg y V-\ 99.1 0 .7 0 .2

d is t r ib u t io n v 2 0 .4 83.1 1 6 .5

fo r  35C I35C I160 V 3 0 .6 16.1 8 3 .3

Q In te raction  fo rce  constants fixed at ze-o. b F, ,  and F 22 are C l-0  and
C l-C l stre tch ing  fo rce  constants, respective ly , in m d y n /A  units. F33 is the 
C I-C I-0  bending fo rce  constant In mdyn A /ra d 2 units.

lower than this constant for C102 (7.02 mdyn/A ) 20 but it 
is higher than the CIO force constants for CIO radical (850 
cm “ 1, 4.66 mdyn/A). HOC1 (3.9 mdyn/A ) , 21 and C120  
(2.75 mdyn/A ) . 2 The Cl-Cl force constant for Cl-CIO.
1.37 mdyn/A, is lower than the diatomic chlorine force 
constant (554 cm -1, 3.16 mdvn, A .22 The C1-C1-0 valence 
angle bending force constant, 0.78 mdyn A/rad2, is near 
the bending force constant for C120  (1.32 mdvn A/rad2) 2 
which has a slightly higher frequency.

Bonding in CIO Species. The observation of the CIO 
free radical at a frequency (850 cm “ 1) lower than its chlo
rine bonded counterpart Cl-CIO (962 cm -1) in marked 
contrast to the second row species NO (1875 cm “ 1)23 and 
Cl-NO (1799 cm “ 1)24 invites further consideration of the 
bonding to third row diatomics as compared to second row 
diatomics. Notice the parallel frequency behavior for the 
X-SN and X-CIO species in Table III which differ from 
the X-NO and X OO molecules. Furthermore, the (C10)2 
frequencies (995, 982, and 945 cm _1, antisymmetric 
modes, symmetric frequencies are not known), which are 
probably due to three different isomeric structures, are 
above CIO monomer whereas the (N 0 )2 frequencies (1776. 
1866 cm “ 1)23 fall below the monomer (1875 cm “ 1). It ap
pears, therefore, that the bonding to third row diatomics 
does not follow the Spratley-Pimentel arguments for sec
ond row diatomics.25
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TABLE III: Frequencies for Second and Third Row Diatomics 
Bonded to Halogen Atoms

M olecule
p n -o or 

PO-O
F N-o or

^ 0 - 0
Ref

O', F)
Second Row

NO 18 7 5 15 .5 a
F-NO 18 4 4 14 .7 b, c
CI-NO 17 99 14.1 d, c
O2 15 52 11 .4 e
F -0 0 15 00 10 .5 1

CI-OO 1441 9 .7 9

Ps-N  or F S-n or Ref
M olecule PCl-O Fci-o (.v.F)

Third Row
SN 12 0 4 8 .3 0 h
F-SN 13 72 1 0 .7 1 i, i
CI-SN 13 25 1 0 .0 3 k
CIO 8 5 0 4 .6 6 e
F-CIO 10 38 6 .8 5 1

Cl-CIO 9 6 2 5 .9 4 e

“  R eference 23. b R. J. H. W oltz, E. A. Jones, and A. H. N ielsen, J. Chem. Phys.. 20, 378 (1952). c J. P. Devlin and I. C. H isatsune, Spectro- chim. Acta. 17, 206 (1961). d R eference 24. e This w o rk.1 P. N. Noble and 
G. C. P im entel, J. Chem. Phys.. 44, 3641 ( '9 6 6 ) .  g A. A rke ll and I. 
Schwager, J. Amer. Chem Soc.. 89, 5999 (1967). h P. B. Zeem an, Can. J. Phys.. 29, 174 (1951). ' H. R ichert and O. G lem ser, Z. Anorg. Allg. Chem.. 307, 328 (1961).J W. Sawodny, A. F a d ir i, and K. B alle in , Spectro- chim. Acta. 21, 995 (1 96 5 1. *  A. M uller, G. N acara jan , 0 .  G lem ser, S. F. 
Cyrin, and J. W egener, ibid.. 23, 2683 (1967).1 L. A ndrew s, F. K. Chi, and 
A. A rke ll. to be subm itted fo r pub lication .

Here we seek a difference between 0  and N on the one 
hand and S and Cl on the other. The possible use of 3d 
orbitals26 on S and Cl to form additional tt bonding be
tween C l-0  or S-N is a controversial issue. Certainly, the 
3d orbitals are very high in energy for the atom itself, but 
the bonding of an electronegative X atom may make the 
3d orbitals more accessible for tt bond formation. The 
amount of d orbital participation is not insignificant in 
CIO itself.27 The data in Table III tempts one to suggest 
that the C l-0  bond in Cl-CIO has additional w character 
due to Cl3d-02P rr bond formation enhanced by the Cl 
atom bonded to CIO. However, this is a relatively weak 
Cl-Cl bond; the weak Cl interaction with the CIO is evi
denced by the diatomic like character of the CIO part of 
Cl-CIO. The case for (C10)2 is complicated by the obser
vation of antisymmetric (out-of-phase) C l-0  frequencies 
only, but presumably the symmetric counterparts are not 
very different. Again the intermolecular CIO-CIO bonding 
is weak and the diatomic-like character of these modes is 
retained. The relatively weak interaction between Cl and 
CIO in Cl-CIO and the two CIO parts of (C10)2 is proba
bly insufficient to involve the Cl 3d orbital as a possible 
means of strengthening the CIO bends in Cl-CIO and 
<C10)2.

Returning to the Spratley-Pimentel (p -7r*) picture,25 
one possible explanation of the data for third row diatom
ics requires that electron density be withdrawn from the 
CIO (p-p) 7r* orbitals. In the case of (C10)2, this could be 
accomplished in forming a bond between the two CIO 
species, C 1=0-C 1=0. For the F-CIO and Cl-CIO species, 
the electronegativity of fluorine and chlorine atoms may 
be sufficiently greater than the electronegativity of CIO to 
remove antibonding electron density from CIO leaving a 
stronger CIO bond. Table III shows that a fluorine atom

produces a greater frequency shift for the third row dia
tomics than for the second row diatomics. This interpreta
tion suggests that CIO and SN are less electronegative 
than 0 2 and NO, which is, of course, the relationship be
tween the electronegativities of second and third row 
atoms.

Conclusions
The Raman spectrum of matrix-isolated C120  agrees 

well with the infrared matrix spectrum. Laser illumina
tion photolyses some of the C120  to CICIO as observed by 
intense Raman bands at 962, 373, and 241 cm -1 in excel
lent agreement with infrared spectra following mercury- 
arc photolysis.

The observation of a Raman band at 850 cm ' 1 with an 
oxygen-18 counterpart at 818 cm 1 confirms the ultravio
let assignment of the ground-state CIO fundamental. The 
vibrational fundamental of CIO at 850 c m 1 has been di
rectly observed in three different systems by infrared ma
trix techniques and in the Raman spectrum of matrix-iso
lated C120  as produced by laser photodissociation of C120. 
Infrared studies have been impeded by the apparent very 
low infrared extinction coefficient of CIO; in situ photoly
sis studies have been hindered by the competing photolyt- 
ic rearrangement of C120  to Cl-CIO. The cage effect in
hibits the photolytic yield of CIO by trapping the Cl atom 
adjacent to CIO leading to the formation of Cl-CIO.

The 995-, 986-cm_1 doublet observed in infrared matrix 
studies is reassigned to another (C10)2 species, perhaps 
C l-0  Cl O, based on the production of extraordinarily 
high yields by ultraviolet photolysis of O3, C120  matrix 
samples.

Unlike the second row diatomics whose fundamentals 
are lowered upon bonding to a halogen atom, the CIO fun
damental is increased upon dimerization or bonding to a 
halogen atom. It is suggested that this may be due to the 
removal of antibonding electron density by the more elec
tronegative halogen atom or in forming the intermolecular 
dimer bond.
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Matrix Isolated M + N03 Ion Pairs in Argon, Glassy Water, and Ammonia
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The infrared spectrum of lithium nitrate and potassium nitrate ion pairs (M + N 0 3 ) matrix isolated in 
argon, glassy water, and glassy ammonia at 12°K have been measured. These spectra show a drastic 
reduction in the splitting of the f/3(e) nitrate asymmetric stretch mode in the H20  and NH3 matrices 
when compared to the argon case. This effect apparently results from solvation of the cation of the con
tact ion pairs with the solvent-cation interaction through the oxygen and nitrogen lone pair electrons. 
This result is consistent with the place exchange mechanism for aqueous nitrate solutions. The new data, 
when combined with published dilute solution spectra, complete the spectra for the two nitrate environ
ments required by the place exchange view and are used here to argue for the importance of cooperative 
effects in the spectra of molten nitrates and their concentrated aqueous solutions.

Introduction

The relatively recent recognition that alkali metal ni
trate salts volatilize in vacuo near their melting points 
without dissociation1-2 has made possible a number of in
formative studies. In particular, the spectra of the metal 
nitrate monomers (ion pairs), M + N 03 , isolated in inert 
matrices, such as argon, have been reported with the em
phasis placed on the splitting of the degenerate vs asym
metric stretching mode as a useful measure of the extent 
of cation distortion of the anion. More recently it has also 
been shown that the salt volatility enables the study of 
pure simple nitrate glasses for the first time.3 Since a 
glass structure is believed to be essentially the same as 
that of the corresponding melt, preparation of the vapor- 
deposited films has greatly simplified the infrared spec
troscopic study of such structures as well as the measure
ment of the glass transition temperatures.4

It seems, however, that possibly the chemically most in
formative study to be facilitated by nitrate volatility has 
been overlooked. It is now possible to deliberately place a 
metal nitrate ion pair in a particular environment for 
comparison with the abundance of published spectra 
which have been interpreted by invoking the presence of 
such ion pairs. The most obvious medium for a compari
son is that of aqueous solutions for which contact ion pairs 
have been invoked and place exchange equilibrium con
stants have been evaluated.5-6 If it is assumed that the 
ion pair environment in glassy water resembles that for

the aqueous solution,7 then the matrix isolation of the ion 
pair in a glassy water deposit permits a rather direct test 
of the assumptions made in interpreting the aqueous solu
tion spectra and should help establish the degree of im
portance of contact ion pairs in such systems.

This paper reports the results of a study of the lithium 
and potassium nitrate ion pairs in glassy water and glassy 
ammonia matrice prepared by deposition at 12°K. New 
spectra have also been obtained for crystalline argon ma
trices with the metal-oxygen stretch for the (M +N03~) 
species now observed. The argon matrix spectra are pre
sented here in detail for comparison with the glassy-matrix 
spectra.

Experimental Section

The volatilization of the metal nitrates was from the 
melts in Pyrex glass Knudsen cells as described earlier.3 
The matrix gases (argon, water, and ammonia) were me
tered through a Fisher-Porter ’Ae-in. glass flow meter and 
co-condensed with the nitrate molecular beam within a 
standard low-temperature infrared cell fitted to an Air 
Products CS202 closed-cycle helium refrigerator. Since 
precise control of the nitrate beam density is not possible, 
optimum matrix ratios were established by trial and error. 
In the case of water and ammonia, the useful ratio is lim
ited by the absorption spectrum of the matrix. The sub
strate deposition temperature was 12°K, guaranteeing 
that, for the deposition rates used, the water condenses as 
an amorphous (glassy) solid.8
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The infrared spectra were recorded using a Beckman 
IR-7 infrared spectrometer. A Csl interchange is avail
able for the 200-600-cm“ 1 range but this wave number 
range was not useful for study of the water or ammonia 
systems because of strong absorption by the matrices. 
Deuterated water, D2O, was used in preference to H2O for 
several experiments since the 1400-cm“ 1 range, encompass
ing the 1*3 nitrate doublet, is more nearly transparent for 
D2O. The recently reported ion-pair studies for aqueous 
solutions of metal nitrates have also made use of this 
property of D2O.6

Results
(A) Argon Matrix. The results presented here for the 

Li + N03~ ion pair in the argon matrix represent a refine
ment of the previously reported results obtained for this 
ion pair in CO2 and CC14 matrices.2 The results for an 
argon matrix are presented in Table I and Figure 1 for 
comparison with the H2O and NH3 matrix data. The 
anion i>3(e) splitting (260 c m '1) from cation distortion is 
slightly greater than in CO2, as has previously been noted 
for N af NC>3~ and K + NC>3“ , and the (1011 cm -1) sym
metric stretching frequency as well as the i>2 (817 cm 1) 
out-of-plane bending frequency are each 6 cm ' 1 lower 
than for a CO2 matrix.

However, the most noteworthy aspect of the argon ma
trix spectrum is the observation of the metal-anion 
stretching mode at 528 cm' 1 and the detection of the 
components of v4. the degenerate planar bending mode of 
the undistorted anion. The interion mode appears 
with an intensity greater than v2, but much less than 
that observed for either component of ¡<3. The observation 
of the split j»4(e) components is of interest since the dou
bling of the V4 band has been used as a criterion of contact 
ion-pair formation in aqueous solution studies.6 One m 
component appears with reasonable intensity ( — V3 that of 
12) at 765 cm ' 1 and is assigned with little chance for 
error. Examination of Figure 1 reveals the difficulty of 
identifying the second 1/4 component. Weak features ap
pear regularly at 692, 736, 747, and 783 cm “ 1. The 747- 
cm 1 feature is known to result from aggregates, 
(LiNOs)„, while the 783-cm“ 1 value is outside the range 
normally expected for a nitrate v4 mode. The choice is 
thus narrowed to the bands at 692 and 736 cm “ 1. The 
736-cm“ 1 feature is sharp, like the 765-cm“ 1 component, 
but assuming that v4 splits uniformly about the solid state 
value (735 c m '1) as is the practice of v3, which splits uni
formly about 1390 cm “ 1, then the 692-cm“ 1 band is the 
preferred choice. Nevertheless, we prefer the 736-cm“ 1 
assignment, and thus a ¡<4 splitting of 29 c m '1, because of 
the recent observation that, for isolated metal chlorate ion 
pairs, the splitting of v4 appears as an increase in the 
high-frequency component while the low-frequency com
ponent is nearly invariant at approximately the solid state 
value ( ~480 cm “ 1).9

It is noteworthy that the 765 -cm 1 v4 component is an 
order of magnitude more intense than the 736 c m 1 (or 692) 
feature. A similar intensity behavior of the two 1/4 compo
nents has been found in this study for amorphous (glassy) 
LiN03, from spectra obtained as described in ref 3, i.e., a 
feature appears at 749 cm “ 1 much more intensely than a 
very weak component near 715 cm “ 1. These intensities 
are reversed in the Raman spectrum of the melt10 for 
which the tendency has been to relate the two compo
nents to anions in two types of environments within the

Figure 1. Infrared spectrum  for L iN 0 3 vapors matrix isolated In 
argon at 12°K. Curve b Is for a sample five tim es as th ick  as the 
one used to obtain curves a and c.

TABLE I: Infrared Band Frequencies (cm ') for Monomeric 
LiNCB and KN03 Matrix Isolated in Argon, Water, and Ammonia

u n o 3 k n o 3

Argon h 2o n h 3 A rgon0 h 2o n h 3

V1 1011 1031

v2 8 1 7 827 828 8 3 0 8 3 0

"3a 1 264 1347 1345 1291 1348 1 34 8

"3b 1 52 4 1412 1392 1 46 2 1398 1 36 8

i>4a 7 3 6

r<4b 7 6 5

"M-O 5 2 8

a From ref 2.

melt.5 However, it is unlikely that v4 for the anion in one 
type of site would have a transition dipole an order of 
magnitude greater than for the second type of environ
ment.

(B) Water and Ammonia Matrices. The infrared win
dows for thick films of H20  and NH3 are such that this 
study has been limited to observations of V2 and the two 
components of the j/3 mode of the ion pair. In the regions 
of these bands the matrix materials contribute only to a 
slowly changing background and, therefore, it is unneces
sary to reproduce the pure matrix spectra here. In other 
regions, such as the O-H stretching region and the tor
sional frequency range, the samples were totally opaque.

The 1/3 components for the Li+N 03“ ion pair are pre
sented in Figure 2a. These features were largely un
changed throughout a series of runs wherein the matrix 
ratio and sample thickness were varied. Since the split
ting observed was only 65 cm“ 1, compared to the 260 
cm “ 1 for an argon matrix (Figure 1), we were very hesi
tant to accept this as the 1/3 band system for the isolated 
contact ion pair. However, there are basically only two 
other possibilities: (1) the nitrate ion pairs aggregate in 
the water matrix so that the Figure 2a curve is the aggre
gated (glassy) nitrate spectrum and (2) the water, even at 
12°K, completely solvates the cation (and/or the anion) so 
that the spectrum is that for solvent-separated ion pairs.

The spectrum for glassy Li+NC>3“ aggregates in a CO2 
matrix has been published,3 and shows a 1*3 splitting of 
120 cm “ 1, twice that of Figure 2a. The improbability of
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Figure 2. Infrared spectrum  of the vapors of UNO3 (a) and 
KNO3 (b) matrix isolated in glassy H20  at 12°K.

possibility (1) is further emphasized by the spectrum in 
Figure 3a. obtained under essentially identical conditions 
except using NH3 as a matrix. The splitting in the NH3 
matrix is reduced even further, to only 47 cm -1, reflecting 
a sensitivity to matrix environment not likely for glassy 
aggregates.

The second possibility is most easily discounted by test
ing the spectral sensitivity to a change of cation. Thus, 
Figures 2 (curve b) and 3 (curve b) contain the c3 band 
complex curve for K + N 03“ in H2O and NH3 matrices, 
respectively. The splittings for the K +N 03“ cases are 
sharply reduced from values observed for the lithium ni
trate samples. In water the splitting drops from 65 to 50 
cm -1 while the splitting in NH3 is reduced roughly by 
half (from 47 to 20 cm “ 1). The sensitivity, measured in 
terms of per cent change in the v3 splitting (Af3), is com
parable to the 34% decrease for cation change in an argon 
matrix (260 cm “ 1 for LiN03 and 171 cm “ 1 for K N 03). 
The influence of cation change on Av3 seems much too 
great to be consistent with solvent-separated ion pairs.

Thus, it is concluded that the spectrum observed for 
M + N 03“ codeposited with water and ammonia is for the 
contact ion pairs interacting very strongly with the ma
trix. The data for such ion pairs are summarized in Table
I.

Discussion

The contact ion pair spectra for L :+N 0 3~ and K “ N 03” 
in the H2O and NH3 matrices are informative in several 
respects. Most obviously, they indicate that the polarizing 
power of the cation is sharply reduced via interaction with 
the matrix molecules. The interaction apparently involves 
the lone pair oxygen and nitrogen electrons which, by par
ticipating in a partial electron transfer to the M + ion, re
duce the positive charge density in the cation. The other

1400 , 1300
CM

Figure 3. Infrared spectrum  of the vapors of L iN 0 3 (a) and 
K N 0 3 (b) matrix isolated in glassy NH3 at 12°K.

possibility is ion-dipole interaction but this is not consis
tent with the observation that the interaction is stronger 
with NH3 than H2O. A study is in process using an HC1 
matrix to check this conclusion.

A second related point is that the cation in the contact 
ion pair is strongly solvated. As a result, one cannot use 
matrix isolation data for inert matrices to draw any direct 
conclusions about ion pairing in water or ammonia sys
tems since the solvation is undoubtedly equally prevalent 
in liquid solutions. This view of the ion pair is consistent 
with the place-exchange equilibrium model of Irish, et ai. 
for aqueous solutions.5-6

The results are particularly revealing regarding data for 
concentrated and moderately concentrated aqueous salt 
solutions. It has been pointed out that the splitting of r3 
( —110 cm “ 1) in molten and concentrated aqueous solu
tions of LiN03 is too great to be a direct result of anion 
distortion,2-s and the present result confirms this view 
since the 65 cm “ 1 ion-pair splitting value must approach 
the maximum possible for an aqueous solution. The pres
ent result also shows, somewhat surprisingly, that the dis
tortion splitting and v3 band positions are the same for 
the solvated contact ion pair of K “ N0 3 as for the aquat- 
ed anion alone (50 cm “ 1) as measured for dilute aqueous 
solutions.11

The question remaining is what types of interactions are 
responsible for the increase in the i<3 splitting with in
creasing concentration in the aqueous phase.12 The two 
anion environments, as described by the place exchange 
view, have now been shown to have splittings of 50 and 65 
cm “ 1 for LiN03 with all features maximizing in the 
1345-1420-cm“ 1 range. 'The possibility of different anion 
environments other than these two has been raised but. to 
explain the maximum near 1470 cm “ 1, requires either a 
much greater splitting for these other environments or a 
shift of the entire v3 complex to much higher frequencies. 
The latter possibility is ruled out by the observation that
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the vz band center for LiNC>3 samples regardless of phase, 
and including the monomer in an argon matrix, never 
varies outside the 1370-1400-cm” 1 range. Further, the na
ture of a species capable of giving a splitting greater than 
the contact ion pair is not clear, although, conceivably, in 
concentrated systems the incomplete solvation of the cat
ion of the ion pair could leave a center of greater positive 
charge density which, in turn, could permit a slightly 
greater anion distortion within the ion pair.

We prefer to interpret the increased splitting with in
creased salt concentration in the same terms used to ex
plain the increase in 13 splitting from 70 to 110 cm “ 1 for a 
5% LiNOs in LiClOs mixture going to the pure LiNC>3 
melt.13 That is, in the dilute and moderately concentrated 
LiNC>3 aqueous cases, the anion is distorted giving rise to 
two internal normal modes, vza and 1/31,, most likely of dif
ferent symmetry and split 50-65 cm 1 depending on the 
anion position without or within the first coordination 
sphere. Each of these modes has an intense dipole oscilla
tion associated with it and, in the moderated concentration 
range, dipole-dipole coupling between nitrate ions becomes 
important. When this occurs the symmetry of a mode is no 
longer an individual molecule affair, but must be viewed in 
terms of many molecules. Since in the liquid any many 
molecule domain has no symmetry this implies that the two 
original components now must have the same symmetry. 
Two energy states of the same symmetry and closely spaced 
will repell one another provided there is a coupling mech
anism. Since both U3a and V3t, have associated large oscil
lating dipoles, there is a strong coupling mechanism and 
the two components of 03 are forced apart by a resonance 
interaction through the dipole coupling. This coupling in
creases with increasing concentration of nitrate entities 
and in the case of LiNOs culminates in the 110-cm“ 1 
splitting of the melt. The magnitude of the resonance 
splitting, like the solid state transverse-longitudinal split
ting, which is 120 cm -1 for LiNOs, depends on the magni
tude of the molecular vibrational transition moments and

the density of the nitrate ions, and, thus, is greater in the 
LiN03 case than for KNO3, for comparable solution 
molarities.
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Near-Infrared Study of the State of Water in Aqueous Solutions of 
Tetraalkylammonium and -Phosphonium Bromides and 
Alkali Halides at 10, 25, and 40° 1
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The near-infrared spectrum of water in the region 0.8 —1- 1.2 g has been investigated over the tempera
ture range 5-50° and in the presence of various ionic solutes at 10, 25, and 40°. As in previous work, the 
spectra were recorded differentially using cells with adjustable pathlengths which allow correction for 
thermal expansion and solute volume. The differential spectra were further corrected for solute absorp
tion, if required (e.g., R4N+), and resolved into their Gaussian components. The differential spectra ob
tained for pure water at various temperatures are interpreted in terms of an equilibrium between two 
states for the -OH oscillators of the water molecules: nonbonded (species I) and bonded (species II). At 
25°, an enthalpy change of 1.87 ±  0.05 kcal mol 1 is associated with this bond-breaking process. From 
spectral changes which are very similar to those produced by lowering the temperature of pure water, the 
R4N+ (R = Me to r.Bu) and rcBu4P+ ions all appear to shift the hydrogen-bonding equilibrium in favor 
of species II. The magnitude of these structural shifts (ATStr) decreases as the solution temperature is 
increased. With alkali halides, the ATstr show that Li+ and F~ decrease the concentration of species I, 
while the opposite is found for the other alkali metal and halide ions. The relative order for the struc
ture-breaking abilities of these ions is F- < Cl- < Br~ < I - and Li+ < Cs+ < Na+ ~  Rb+ < K+, with 
no noticeable temperature dependence in the range 10-40°.

1. Introduction
Since the hydrogen-bonding equilibrium has been rec

ognized as an important factor in determining the physi
cochemical properties of liquid wa'.er, numerous models 
have been proposed to describe the various species possi
bly involved in such equilibrium. Statistical-mechanical 
treatments of some of these models2 have been successful 
in reproducing many of the physical and thermodynamic 
properties of water, but the factual characterization of the 
equilibrium species remains very elusive.3

It is only recently that different spectral evidences have 
been reconciled to indicate that indeed water should be 
regarded as a two-state liquid, at least in the sense that 
two types of -OH oscillators are distinguishable.3-9 This 
concept now receives much support from infrared and 
Raman studies of the stretching modes of the water mole
cule, and from near-infrared investigations of overtones 
and combinations bands. In the fundamental stretching 
region, the two-state behavior of liquid water is usually 
evidenced by the appearance of an isosbestic point on an 
assymetric band contour.4-6 The band contour is analyzed 
to resolve the underlying components which are then as
signed to distinct equilibrium species, namely, bonded 
and free -OH groups. Similar analyses have also been car
ried out on overtone and combination bands in the near- 
infrared spectrum of liquid water.10-15 The shapes of the 
latter have been shown to be very sensitive to tempera
ture, and the spectral changes have been assigned to shifts 
in equilibrium concentrations of different -OH groups, 
rather than to other effects such as Fermi resonance.16

The ir and Raman spectra of water in various aqueous 
solutions have also been investigated to determine the in
fluence of the solutes on the hydrogen-bonding equilibri
um in water.141517-24 Of special interest is the category 
of hydrophobic solutes which are believed to stabilize 
some hydrogen-bonded structure in solution. The near-ir

spectrum of water in the region 0.8 —► 1.2 g has been 
shown particularly useful in studying the structural 
changes produced by various large hydrophobic ions, 
namely, Bu4NBr, Ph4AsCl, and NaBPh4 25 The method 
described previously25 has now been extended to investi
gate the temperature dependence of the structural effects 
of different quaternary ammonium and phosphonium 
ions, as well as those produced by alkali halides. Also, the 
temperature dependence of the (2<u + 1/3) combination 
band has been reexamined to calculate the enthalpy 
change associated with hydrogen bond breakage in liquid 
water.

2. Experimental Section

The details of the experimental methods used in this 
study, as well as the justification for the choice of the sec
ond overtone region, can be founc in a previous report.25 
Essentially the technique consists in recording a differen
tial spectrum in the region 0.8 --1- 1.2 g,  with water in the 
reference cell (10 cm) and a solution (or water at a differ
ent temperature) in the working cell. The length of the 
latter is adjusted so that it contains the same number of 
moles of water as the reference cell. In studying the rela
tive effects of alkali halides on the water spectrum, an 
aqueous NaCl solution (1.00 m) was used in the reference 
cell.

All spectra were recorded on a Cary-14 spectrophotome
ter; the temperature of the cells was regulated within 
±0.01° by water jackets. The solutions were prepared gra- 
vimetrically at a concentration of 1.00 m and the solution 
densities required for adjusting the length of the working 
cell were taken from the literature26» or measured using a 
recently developed digital flow densimeter.26b All solu
tions were filtered immediately before use.

For solutes which have intrinsic absorption in the spec
tral region of interest, (e.g., RjISC ions) we recorded the
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solute absorbance in D20  solutions. In preparing the lat
ter, we assumed that the partial molal volume of the salt 
is the same in both H20  and D20, which is usually the 
case within less than 1%.27

The water used in this work was doubly distilled over 
alkaline permanganate; D20  99.8% was purchased from 
Stohler Isotope Chemicals. Tetraalkylammonium bro
mides were purchased from Eastman Kodak; tetrabutyl- 
phosphonium bromide was purchased from Alfa Inorgan
ics; all were purified by standard methods. Alkali halides 
were Fisher Reagents (LiCl, NaCl, NaBr, Nal), Baker re
agents (NaF, KC1), Alfa Inorganics Ultrapure (RbCl), and 
EM Reagent (CsCl); these were used without further pu
rification. All salts were dried under vacuum at tempera
tures ranging between 50 and 100°, and to the extent pos
sible, manipulations were carried out under a dry nitrogen 
atmosphere.

3. Analysis of the Spectra

The differential spectra recorded with water in the ref
erence cell (temperature T0) having in the working cell 
either an aqueous solution of a nor.absorbing solute or 
pure water at T ^  T0, usually exhibit an S shape (e.g., 
Figure 1 of ref 25 and Figure 1 herein). For example, if T 
< T0 (cell length corrected for density differences), nega
tive absorbance is observed in the 0.9 —► 1.0 m region and 
positive absorbance from 1.0 —*• 1.1 m, with isosbestic 
points at 1.0 and 1.1 fi. If, as previously,25 we associate 
these two regions of absorbance respectively to unbonded 
-OH oscillators (weakly interacting, species I) and bonded 
-OH oscillators (strongly interacting, species II,) we can 
then analyze the temperature dependence of the spectrum 
in terms of shifts in the concentrations of these two 
species.28 Furthermore, since addition of ionic solutes 
often produces spectral changes similar to changes in tem
perature,25 we can define a “ structural temperature” of 
the solution by quantitative comparison of the two effects; 
this procedure is analogous to that used by several other 
investigators.14-22

The two components contributing to the S-shape differ
ential spectra observed in these studies can be resolved 
using computer simulation techniques. In Figure 1, we il
lustrate the results of band contour decomposition into 
two Gaussian lines, each given by

A = Ai exp[—XV2ff2] (1)

where A j  is the maximum (or minimum) absorbance, X  

the wavelength, and a the half-width of the band at its 
point of maximum slope. The Gaussian line shape was 
judged satisfactory since, in the first half of the differen
tial spectrum (see below), the standard deviation between 
calculated and experimental curves is within the experi
mental error. Over the whole spectrum, however, an im
proved fit could be obtained using a mixture of Lorentzian 
and Gaussian line shapes.30

Since reliable line width studies of the individual com
ponents did not appear feasible in the present case, we 
choose to simply integrate the absorbance component in 
the short wavelength region (free -OH groups, species I). 
In fact, only the first half of this band was integrated 
(Si1/2) to avoid the region of overlap with the bonded 
-OH component. For the latter, quantitative treatment is 
further complicated by overlap with the strong absorption 
band at 1.2 fi. In addition, there may be several types of 
bonded -OH oscillators each with different absorption

Figure 1. Typical d ifferentia l spectrum obtained from  two water 
samples at d ifferent temperatures or from  a R4NBr solution vs. 
pure water after subtraction of solute absorbance and effect of 
B r -  ion. The spectrum  shown is from  a 1 m solution Pr4NBr vs. 
H20  at 25°. Dashed curves are calculated Gaussian com po
nents; the bold dots show the sum of these components.

frequencies and extinction coefficients, particularly in the 
presence of strongly interacting solutes. The absorption 
region assigned to the free -OH groups thus seemed more 
convenient for studying changes in the hydrogen-bonding 
equilibrium in water.

With solutions of alkyl-substituted ions, the spectra 
were analyzed according to the procedure described ear
lier.25 The absorption spectrum of the solute was first 
subtracted from the differential spectrum of a solution of 
RiM+Br (M = N, P) us. water. From the resultant spec
trum, we further subtract the differential spectrum of a 
solution of NaBr us. water, so that there remains only the 
effect of the quaternary ion, relative to that of Na+, on 
the water spectrum. The spectrum illustrated in Figure 
1 was obtained in this manner. As noted before,25 these 
corrected differential spectra are very similar to those ob
served for water at two different temperatures. We thus 
followed the integration procedure given above to obtain 
•Sj1̂ 2, and by comparison with the results obtained from 
the temperature dependence of the pure water spectrum, 
we evaluated a molal ATstr for each of the quaternary 
ions. For the differential spectra of the various alkali ha
lide solutions obtained against a solution of NaCl, we 
also calculated Si1/2 and ATstr as above, though in these 
cases, the absorption extrema were shifted slightly to 
longer wavelengths.

4. Results and Discussion

(a) Temperature Dependence of the Pure Water Spec
trum. The data collected from the spectra of pure water 
at various temperatures are reported in Table I. The inte
grated intensities Si1/2 from the differential spectra are 
plotted against temperature in Figure 2, for three temper
atures of the reference cell. These curves will be used to 
evaluate A Tstr of aqueous solutions as described in section
3.

The absorbances A [° and A n° of 10 cm of water mea
sured at the wavelengths of the extrema in the differential 
spectra (respectively 0.970 and 1.080 n) were used to eval
uate A /i° (O H -0 ) for the breaking of 1 mol of hydro
gen bonds, according to the present operational definition 
of this process. From the Van’t Hoff plot of log (A ^ /A u 0), 
shown in Figure 3, we find AEf°(OH---0) = 1.87 ±  0.05 
kcal mol-1 . Other estimates of the enthalpy of hydrogen 
bond breakage reported in various infrared studies are col
lected in Table II. The values quoted range between 2.2 
and 3.2 kcal mol-1 ; it is interesting to note, however, that
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Figure 2. Area of the firs t half of the short wavelength com po
nent of the experim ental d ifferentia l spectrum  of water at va ri
ous tem peratures against water at 25°. (-------) S i1/2 calculated
for reference tem peratures of 10 and 40°.

io3 t c  K~')

Figure 3. Absorbance of 10 cm of water measured at 0.970 and 
1.080 ii vs. tem perature; the chosen wavelengths correspond to 
the m inimum  and maximum observed on the differentia l spectra 
(Figures 1 and 2).

TABLE II: A H °  (OH---0) from Several Spectroscopic Studies

TABLE I: Absorbance and Intensity Data ■‘rom the Spectrum of 
Water at Various Temperatures0

T. °C A ,0 A l l 0

7ref 

A i

= 25°

S , 1 '2 * *

5 1.631 1.067 -0 .2 7 7 -6 .2 7 6
10 1.695 1.052 -0 .2 1 3 -4 .8 2 4
13 1.733 1.041 -0 .1 7 5 -3 .9 6 6
16 1.775 1.031 -0 .1 3 3 -2 .9 8 8
19 1.815 1.020 -0 .0 9 3 -2 .1 0 0
22 1.854 1.010 -0 .0 5 4 -1 .2 0 0
25 1.908 1.000 0.000 0.000
28 1.939 0.992 0.031 1.356
31 1.978 0.977 0.070 1.326
34 2.025 0.974 0.117 2.604
37 2.058 0.960 0.150 3.360
40 2.100 0.951 0.192 4.338
45 2.166 0.932 0.258 5.532
50 2.233 0.916 0.325 7.104

0 A i°  and A n 0 are the absorbance of 10 cm  of w ater m easured respec
tively at 0.970 and 1.080 ±  0.003 \i. is the d iffe ren tia l absorbance 
measured at the firs t ex trem um  on the d iffe ren tia l spectra  (0 .970 11). 
S i l/2 Is the Integrated Intensity o f the d iffe ren tia l absorption measured 
from  0.8 fi to the firs t extrem um  of the d iffe ren tia l spectra . The Integration 
was carried  out w ith the ta p e z lu m  method using a unit step of 0.006 \i.
all the results from the near-ir investigations agree rather 
well, although the data were obtained from different com
bination and overtone bands.

Another remarkable feature of the Van’t Hoff plot is the 
linearity observed over the temperature range studied. 
This has been observed in other studies1014 15 and, in the 
present case, yields a A /i°(O H ---0) value which is con
stant within a few per cent, between 5 and 50°. For a 
given temperature increment, the fractional change in the 
concentrations of species I and II thus appear much larger 
than the fractional change in the heat of formation of the 
hydrogen bond in water. This observation is highly rele
vant to the interpretation of thermodynamic quantities 
such as the partial molal heat capacities of aqueous so
lutes, to which solvent structural changes are believed to 
contribute significantly.

The temperature dependence of the mole fraction of 
species I. cLXi/dT, can also be computed from the data in

Method and A H °(O H ---H ),
Authors spectra l region kca l m o b 1

Stevenson31 
Clarke and Glew6 * * * 
W alrafen4a-b
Bonner and W oolsey15® 
Senior and Verra ll5 
W orley and K lo tz14 
McCabe, et al. 10 * * *
Present work

Uv, 1800 Â 
Ir, 3400 cm ^ 1 
Raman, 2£00 cm~ 1 
Near-lr, 1 .0 ^
Ir, 2500 c m -  1 
Near-lr, 1.5 n 
Near-lr, 1.5 ii 
Near-lr, 1.0 ii

3.17 ±  0.33° 
2.9 ±  0.5ft 
2 .5S ±  0.6C 
2.67
2.3 ±  0.4 
2.37
2.18
1.87 ±  0.05

°  Result given as 6.34 kca l m o l”  1 fo r the fo rm a tion  of the w ater m ono
mer. b A va lue of 6.8 ±  1.1 kca l mol 1 Is ob 'a ined  If a second-order bond
fo rm ing process Is assum ed. c Refer to 1 mo of 0 - D - - - 0  bonds.

Table I and eq 1 of ref 25. At 25°, we find d X i/d T = 
0.00228 K _1, somewhat larger than the values given by 
Luck and Ditter9a and Bonner and Woolsey,15a i.e., 
0.00095 and 0.00114 K \ respectively.

(6) Aqueous Solutions of RtNBr and Bu^PBr. The dif
ferential spectra recorded with solutions of R4NBr and 
Bu4PBr against pure water have been corrected as de
scribed in section 3. The resultant spectra, which are be
lieved to illustrate mainly the spectral changes produced 
on the solvent by the cations, are shown in Figure 4. An 
example of the temperature dependence of these corrected 
differential spectra is given in Figure 5 for Bu4N+. The 
data obtained from the spectra of R4NBr and Bu4PBr so
lutions at three temperatures are collected in Table III. In 
Table IV, we report the molal ATstr evaluated from Si1/2
(Table III) and the curves shown in Figure 2.

As found in an earlier study of Bu4NBr solutions,25 the
influence of all R4N+ ions on the water spectrum is very 
similar to the effect observed upon lowering the tempera
ture of pure water. In terms of the assumed equilibrium
between species I and II, the differential spectra shown in
Figure 4 suggest that relative to Na+ all of the alkyl-sub
stituted ions studied here shift the equilibrium in favor of 
species II (structure-promoting effect). The magnitude of 
these shifts, as given by ATstr (Table IV), is correlated 
with the size of the quaternary ions. Bu4P^ having a larg
er effect than Bu4N + . The corrected spectrum obtained
for Bu4P+ is remarkably different from that found ear
lier25 with Ph4P+. which again emphasizes the differences
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Figure 4. Corrected differential spectra of 1 m solutions of 
R4NBr and Bu4PBr at 25°.

TABLE III: Data from Corrected Differential Absorption Spectra of 
Aqueous Solutions of Tetraalkylammonium and -Phosphonium 
Bromides at Various Temperatures'1

T  ref,
°c

Ai,
P 4 I S i ’ 2

(7, 
m f i

Std
dev

Me4N + 10 0.959 -0 .1 2 8 -2 .4 0 6 13 0.008
Et4N + 0.969 -0 .1 4 3 -2 .3 4 6 11 0.009
oPr4N + 0.969 -0 .1 8 0 -3 .3 1 8 12 0.014
r)Bu4N + 0.969 -0 .2 0 1 -4 .2 3 6 14 0.023
nBu4P+ 0.970 -0 .1 4 2 -3 .1 2 6 14 0.012

Me4N + 25 0.972 -0 .1 0 0 -1 .6 9 2 13 0.004
Et4N + 0.970 -0 .0 9 8 -1 .6 3 8 12 0.005
nPr4N + 0.972 -0 .1 2 8 -2 .3 4 6 14 0.010
nBu4N + 0.975 -0 .1 4 1 -3 .5 1 0 18 0.015
nBu4P+ 0.976 -0 .0 9 5 -2 .5 0 2 20 0.007

Me4N + 40 0.974 -0 .0 6 4 -1 .5 1 2 19 0.003
Et4t\|7 0.972 -0 .0 7 7 -1 .6 6 8 17 0.005
nPr4N + 0.976 -0 .1 0 5 -2 .1 9 6 14 0.011
nBu4N 4 0.977 -0 .1 0 6 -2 .4 1 2 13 0.014
nBu4P + 0.976 -0 .0 7 7 -1 .9 0 8 18 0.006

“  X i represents w avelength of firs t extrem um  on co rrec ted  d iffe ren tia l 
spectra  (± 0 .0 0 3  m ): <r. the ha lf-w id th  of firs t (short w ave length) Gaussian 
com ponent of co rrec ted  spectrum ; the standard devia tion is given for 
the firs t half of th is com ponent.

in the solvation and structural effects of aromatic and ali
phatic substituents.25-32

Within the series of R|N+ ions, the order of ATstr found 
here is consistent with that found in other spectroscopic 
investigations18-22 and various thermodynamic33 and ki
netic34 measurements. In the latter two types of studies, 
however, Bu4N + and Pr4N+ usually appear as having an 
overall solvent structure-promoting effect, while Me4N+ 
mainly exhibits a structure-breaking character; Et4N + 
shows neither tendency to any definite extent. The dis
crepancy between these results and the negative ATstr 
found here for all R jN 4 ions might arise from an electro
static perturbation of the -OH oscillators, or from overlap 
of the hydration cosphere of the various ions. From the 
data on alkali halide solutions given below, it seems clear 
that the influence of cations on the water spectrum is

Figure 5. Corrected differentia l spectra of a 1 m Bu4NBr solu
tion at 10, 25, and 40°.

TABLE IV: Molal ATSt r  of Various Quaternary Ions (Relative to 
Na+) at 10, 25, and 40°“

A TSIr, °C

Ion 10° 25° 40°

Me„N + - 8 (0.20) - 5 (0) - 5
Et4N + - 8 (0.23) - 4 .5 (0) - 5
nPr4N + -1 1 (0.26) - 7 (0) - 7
nB u4N 1 - 1 4 (0.20) -1 1 (0.20) - 8
nBu4P4 - 1 8 (0.20) - 1 5 (0.20) - 1 2

“ Values quoted are w ithin ± 1 ° ;  num bers in parentheses are d A r s tr /  
d7. Experim enta l data for Bu4P f  w ere obtained a: 0.5 m and the resu ltan t 
± 7 s tr m u ltip lied  by 2 for com parison w ith o ther 1 n solutions.

small, even for ions having rather large surface charge 
densities (e.g., N af , K + ). A contribution resulting from 
overlap of the hydration cospheres of the ions seems, on 
the other hand, more plausible. At 1 m, the solvent co
spheres of the various ions overlap significantly, particular
ly for (+ , —) pairs, and this can result in additional struc
ture-breaking or structure-promoting effects. It thus ap
pears from our data that the structural effect resulting 
from Me4N+-Br overlap interactions is structure promo
tion (or less water structure disruption). This is in agree
ment with a previous qualitative explanation of excess 
thermodynamic functions35 in terms of cosphere overlap 
effects. Recent model computations of several excess 
thermodynamic functions36 of the tetraalkylammonium 
halides and alkali halides have also shown a large negative 
contribution to TSex from the overlap of the solvation cos
phere of the ( + , — ) pairs.37

The temperature dependence of the molal ATstr ob
tained for the various quaternary ions (Table IV) indicates 
that the structure-promoting character of these ions de
creases with increasing temperature. This also is in quali
tative agreement with thermodynamic33 and kinetic34 
data. If we assume a constant dATstr/d T  (Table IV), we 
would predict that Bu4N+ loses its structure-making 
ability near 80°.39 With the smaller tetraalkylammonium 
ions, dATstr/dT apparently decreases above 25°. Whether 
this is again related to the cosphere overlap effect might 
be understood through a systematic study involving other 
anions at various concentrations and temperatures.
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TABLE V: Estimated Thickness of the Hydration Cosphere of 
Quaternary Ions in Layers of Water Molecules (2,76 A)“

10° 25° 40°r i
Cations À n-\ n 2 n ! n 2 n 1 n2

Me4N + 2.85 1.49 1.02 0.64 0.59 0.4y 0.49
Et4N + 3.48 1.30 O CO 09 0 .45 0.4, 0.36 0.3g
nPr4N + 3.98 1.43 0.94 OCOO

0.5s 0.4, 0.45
r)Bu4N + 4.37 1.5s 1.0, 0.72 O.67 0.39 0.43
nBu4P+ 4,42 1.7? 1.1s 0 .8s O.82 0.54 0.58

“ f i  represents ion ic radii ca lcu la ted  from  apparent m olal vo lum es.1’ ni is ca lcu la ted  from  d X i/d 7  given above (0 .00228 k - 1 ) and assum ing 
that w ater in the cosphere  is iden tica l w ith  w ater at 0°, i.e.. X i (c) =  
X i<0°). n2 is ca lcu la ted  using lite ra tu re  va lues of X i(7 )  and d X |/d T . taking 
X i(c )  =  0; re f 9a X ,(2 5 c) 0.12; d X ,/d 7  =  0.00095; re f 15a X ,(2 5 °) =:
0.12; d X i/d T  =  0 .0 0 1 14. Both sets of data yield n va lues w hich are not 
s ign ificantly  d iffe rent.

With the larger quaternary ions Bu4N+ and Bu4P+ the 
molal A Tstr found at 10° imply that the solvent is below 
its freezing point. However, we observed no distinct modi
fication of the spectra that could be attributed to ice clus
ters, which seems a good indication that the solvent struc
ture promotion by these ions does not lead to regular ice I 
structures.40 The molal ATstr discussed here can be used, 
as previously,25 to picture the extent of solvent structural 
changes around the quaternary ions. The ATstr are first 
converted to dm/dm, the change in the number of moles 
of species I per mole of solute, using the following simple 
relationships

0 .9 2 0  0  9 8 0  1 0 4 0

W AVE LENGTH

Figure 6 . (a) D ifferentia l spectrum  of a 1 m NaCI solution vs. 
pure water at 25°. (b) D ifferentia l spectra of 1 m a lkali metal 
ch lorides solutions vs. a 1 m NaCI solution at 25°. (c) D ifferen
tial spectra of 1 m sodium halides solutions vs. a 1 m NaCI so
lution at 25°.

dtij
dm

dX, dX 1
i l l - ,  =  lll-p w A T str dm d 1 TABLE VI: Molal ATstr ot Alkali Halides Relative to NaCI“

where 111 is the number of moles of OH groups per kg of 
solvent. Taking the dX i/dT  given above (0.0022s K -1) as 
constant in the temperature range investigated, we find

dnjdm  =  0.25:iA T ;I1
From these results, the thickness of the modified solvent 
cospheres is readily estimated25 knowing the ionic radii, 
the mole fraction of species I in water Xi(T), and in the 
solvation cosphere, X i(c). Such estimates, obtained fol
lowing two methods of calculations, are reported in Table

M + /Na+ A F str, °C X - /C I - A7str, °c

Li + - 3 F- - 7 .5
K + +1 B r- +  2.5
Rb+ 0 I - +  7
Cs+ - 2

a A r str  fo r NaCI: + 3 ° ;  for these sa lts d A F s lr d f  is zero w ith in  expe ri
m enta l e rro r in the  range 10-40°.

V.
In the first method, we choose as previously25 X flc) = 

X^O0) using the d X j/dT  value found here. In the second 
calculation, we use values of X t(T) and dX ^ dT  given by 
Luck and Ditter9a and Bonner and Woolsey,15® assuming 
X i(c) = 0; i.e., in the cosphere, all of species I are con
verted to species II. Both methods yield a physically rea
sonable cosphere thickness with remarkable agreement for 
T > 25°, in spite of different data and assumptions for 
X l(T), X flc), and dA'i/dT.

(c) Aqueous Solutions of Alkali Halides. The differen
tial spectrum of aqueous NaCI (1.0 m) us. water at 25° is 
shown in Figure 6a. Differential spectra for other alkali 
halides (metal chlorides and sodium halides) were record
ed using this 1 m NaCI solution as reference, and are 
shown in Figure 6b and 6c. This procedure seemed appro
priate for obtaining directly the influence of cations rela
tive to Na+, and of anions relative no Cl- , on the water 
spectrum. Though _t is obvious from Figure 6b and 6c 
that anions perturb the water spectrum much more than 
cations do, there is little ground for assigning ionic contri
butions to the spectrum obtained with NaCI (Figure 6a), 
and only relative influences can be given. The relative

ATstr obtained from the spectra in Figure 6b,c, are re
ported in Table VI; within experimental error, these were 
found independent of temperature over the range 10-40°.

It may be useful to recall that according to the present 
assignments of the observed spectral changes, we monitor 
variations in the concentration of species I, the -OH oscil
lators which are not involved in strong interactions with 
either water molecules or solute species. It has been 
found42 that the M + -OH2 interaction does not strongly 
perturb the O-H stretching mode, and thus the differen
tial spectra should reflect mostly the influence of the cat
ions on the hydrogen-bonding equi-ibrium, i.e., the struc
tural effect. With anions, on the other hand, the 
X - -” HOH interaction will lead to a decrease in the 
concentration of species I, in addition to the structure- 
breaking effects that might occur in the outer solvation 
sphere (structure broken region34-43). From these consider
ations and the spectra in Figure 6a, NaCI exhibits an 
overall structure-breaking character. Relative to Cl- , F - 
decreases the concentration of species I, confirming the 
predominance of strong F- ---HO interactions, found in 
other studies.42-44-45 By the same criteria, Br-  and I act
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Figure 7. Correlation of the molal A7str with A H °(H 20  —*■ D20) 
the heat of transfer from H20  to D20  for a lkali halides and 
tetraalkylam m onium  bromides at 25°. On both scales the con tri
butions of Na+ and Cl “  are taken as zero.

as net structure breakers, also in good agreement with 
earlier work.42-44-46

The behavior of alkali metal ions offers a more puzzling 
situation. From the ATstr quoted in Table VI, the increas
ing order of structure-breaking ability is Li + < Cs+ < 
N af ^  Rb+ < K +. This lack of correlation between the 
observed spectral changes and the radii of the cations has 
been reported in several other near-ir studies14-21 24 in
volving either frequency shifts or intensity measurements. 
This is also found in the more recent studies of Bonner 
and Woolsey15“ and McCabe and Fisher,203 in which the 
given sequences of structure-breaking character differ 
mainly with respect to the Cs+ ion, i . ref153, Na^ < K + 
~  Rb * < Cs- ; ref 20a. Li~ < Cs~ < Na~ ~  K~. The 
poor agreement between various results raises doubts 
about the applicability of the near-ir methods to the study 
of ionic hydration. It is interesting however that our re
sults agree closely with those of McCabe and Fisher;203 
the methods used are similar, but. in the two studies, dif
ferent combination bands were investigated. In view of 
this agreement, it seems worthy to attempt further inter
pretation of the present data.

From its thermodynamic properties of hydration,47 Li+ 
is known to induce ordering in the surrounding water di
poles. Following our interpretation of the differential 
spectra, Li+ (relative to Na+) decreases the amount of 
“ free” -OH groups in the solution. If, as quoted, 
M+---OH2 interactions do not significantly perturb the 
-OH oscillator (nor its absorption intensity), we may then 
suggest that there is more than one hydration layer; the 
-OH of the water molecules in the first layer are strongly 
interacting with the molecules in other layers further out. 
Adopting this view, the smaller ATstr observed with Na+ 
and K+ are readily understood.

The upturn of Cs+, which shows a order-producing 
character (relative to Na+), is difficult to explain since, as 
Me4N^ discussed above, Cs+ is usually inferred to be a 
more efficient structure breaker than Na+. Possibly, over
lap effects suggested in the case of Me4NBr apply to CsCl 
also. The spectral changes produced by the latter (relative 
to NaCl) is so small, however, that a concentration depen
dence is unlikely to help solve the case.

Correlation with Thermodynamic Data

Since the differential spectra examined here reflect, to 
a large extent, the influence of solutes on the hydrogen
bonding equilibrium in water, we might anticipate a cor
relation between A Tstr and thermodynamic quantities

which are believed sensitive toward solvent structural 
changes. The thermodynamic properties of transfer from 
H20  to D20  are often used as a measure of the structural 
influence of solutes;38-47-49 they seem particularly appro
priate to attempt a correlation with :he spectral data, 
since the solvent isotope effect on the thermodynamic 
properties will have contributions from all interactions in
volving the -OH oscillators, much the same as the spec
tral changes discussed above.

In Figure 7, we report a correlation plot of the standard 
enthalpy of transfer from H20  to D20  vs. STslr for the 
various solutes studied here. The relationship between 
these quantities is quite remarkable in that it holds for 
both hydrophilic and hydrophobic ions. This can be taken 
as an indirect confirmation of the validity of the ir meth
od used here, at least to the extent that solute-solvent in
teractions, including structural changes, are understood 
from solvent isotope effects.
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Dibromo(ethylenediamine)platinum(II) crystallizes in an orthorhombic lattice ir. which the planar mole
cules stack along the c direction. Absorption spectra have been recorded with light polarized in the c di
rection from 17.000 to 32,000 cm-1 and in the b direction from 17.000 to 38,00(1 cm -1 at 300 and 15°K. 
Molecular transitions in c polarization are excited vibronically and by ligand field perturbation and have 
enhanced intensity from the proximity of an allowed transition which has been shifted from 46,000 cm-1 
in solution to 37,500 cm-1 by crystal interactions. In the b polarization there is a weak but dipole-al
lowed transition at 34,500 cm r1 which has been assigned as an excitation to a crystal bound ionic state 
in which an electron has been transfered from one molecule to its adjacent neighbor.

Introduction
The polarized absorption spectra for single crystals of 

Pt(en)Cl2 have been reported recently.1 In that compound 
the molecules stack along the c axis of an orthorhombic 
crystal with a separation of 3.39 A. There were strong 
crystal effects in the absorption of light with some 
similarities to the absorption spectra of Magnus’ green 
salt, Pt(NH3)4PtCl4, (MGS). Hcwever, unlike MGS2 
there were weak but dipole-allowed transitions with polar
ization normal to the stacking axis which could be attrib
uted to unusual ionic crystal (exciton) states. The present 
work was undertaken to seek additional systems in which 
the ionic exciton absorptions might be observed and to 
provide a comparison of the influence of a different halide 
ligand upon the molecular and the crystal spectra.
Experimental Section

The Pt(en)Br2 was synthesized by the method of Watt 
and McCarley.3 The product was purified by dissolution 
in N,N-dimethylformamide from which it was recrystal

lized by the addition of water. Very thin Hat crystals with 
well-developed faces, which proved to be the 100, were 
grown by evaporating a water solution containing about 
0.01 M  KBr and saturated with Pt(en)Br2. Somewhat 
thinner crystals were formed than were normally obtained 
for the Pt(en)Cl2 system. The crystals for spectral mea
surements typically had faces of 1-2 mm2 and they were 
mounted over pinholes which were 0.6- 0.8 mm in diame
ter in platinum plates. A Cary Model 14 spectrophotome
ter was used to measure the spectra for solutions and 
crystals. The associated equipment and procedures for re
cording polarized spectra at room temperature. 77°K (liq
uid N2), and with liquid He (nominally 15°K) have been 
discussed previously.1-4 For the Pt(en)Br2 no difficulty 
was encountered in taking the crystals to liquid helium 
temperature as was the case for Pt(en)Cl2.

Since the crystals were found to be air stable, they were 
mounted on glass fibers for the X-ray diffraction. A crys
tal having the approximate dimension 0.04 x 0.10 x 0.13 
mm along the a, b. and c axes, respectively, was used for
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Figure 1. Arrangem ent cf m olecules In a unit cell.

TABLE I: Bond Distances (Â) and Angles (degrees) 
for Pt(en)Br2

Pt-N 1.99(A) N-Pt-N 95.7(12)
Pt-Br 2.450(5) N-P t-Br 84.7(12)
N-C 1.51 (12) Pt-N-C 117(5)
C-C 1.20(18) N-C-C 96(12)

data collection. The crystal was mounted with the c axis 
along the spindle axis for data collection. Data were re
corded at room temperature with a Hilger-Watts X-ray 
diffractometer equipped with scintillation counter and 
employing Zr-filtered Mo Ka: radiation. All unique data 
were recorded within a 28 sphere of 60°. A total of 950 re
flections were measured using the 6-28 scan technique. 
Three standard reflections were measured periodically, 
and these observations indicated that no crystal decompo
sition occurred during the data collection.

Dibromo(ethylenediamine)platinum 'II), molecular
weight 415.01, crystallizes in the orthorhombic system 
with the space group C222i and a Z of 4: a -  12.89(1), b 
= 8.27(1), c = 6.990(4) A, temperature ~24°, dCaicd = 
3.70 g/cm 3. Under examination of tain plates with 100 
faces by means of a polarizing microscope, the crystals ex
hibited a distinct dichroism, appearing yellow for light 
polarized in the c direction and nearly colorless for light 
with b polarization.

A Patterson map was computed from the diffraction 
data. Analysis of the heavy atom vectors in this map indi
cated an acentric symmetry. Consistent with the system
atic extinctions, h + k = 2n + 1, the space group was as
sumed to be C222i. (Attempted refinement in space group 
Cmm2\ revealed unusual coupling of thermal and posi
tional parameters.) The platinum and bromine atom posi
tions with isotropic temperature factors were refined by 
full-matrix least-squares techniques. Difference electron 
density maps were computed to locate the carbons and ni
trogen. Refinement continued to a conventional discrep
ancy factor of R = 2||F0| — |F||/2 |F| = 0.093 and a 
weighted R factor, wR = 0.110. Throughout the refine
ment the scattering factors, reported by Cromer and 
Waber,5 for Pt, Br, C, and N were used.3

The arrangement of molecules in the unit cell, drawn 
by the ORTEP program, is shown in Figure 1. The intera
tomic distances, the bond angles, and standard deviations 
for a molecule are given in Table I, with the standard de
viations indicated by the variance-covariance matrix from 
the final least-squares cycle. In the presence of the heavy 
Pt and Br atoms the locations of C and N could not be 
determined accurately. These uncertainties are evident 
from the values in Table I.

Results and Discussion
Solution Spectrum of Pt(en)Br2. The spectrum of an 

aqueous solution of Pt(en)Br2 is shown in Figure 2. The

portion for v < 39,000 cm-1 was recorded in the presence 
of 0.32 M  KBr to suppress the aquation. However, for v >
40.000 the spectrum was determined as rapidly as possible 
upon dissolving the compound to avoid absorption by free 
bromide ions. The components of this spectrum and pro
posed transition assignments are listed in Table II. For 
assignment of the transitions, the molecular x, y, and z 
axes are directed along the crystallographic a, b, and e 
directions. Thus the z axis is normal to the molecular 
plane, and the y axis is directed along the molecular sym
metry axis. The molecular symmetry is only C2, because 
of puckering of the chelate ring. However, the local sym
metry of the atoms bonded to Pt is C2v within the experi
mental error, and this symmetry probably is effective in 
establishing the selection rules.

With the choice of axes, the d orbital involved in the a- 
bonding system is 5dXy(b2) and the lowest unfilled orbital 
is usually taken to be the antibonding orbital, a*, involv
ing this djy. In the solution spectrum the absorption from
21.000 to 27,000 cm-1 apparently involves absorption by
the spin-forbidden a* * -  d transitions. A spin-allowed 
transition, with the peak at 31,400 cm-1 , is attributed to 
<x*(b2) di? -y=(ai) from analogy with PtCl42- where this 
transition was identified from the polarized crystal spec
trum.7 A shoulder at ca. 35,000 cm-1 is assigned to the 
pair of transitions, <x*(b2) d^z^ ). d>2(bi). In the
PtCl42-  D4/1 system these two excited states are degener
ate, and the transitions to degenerate excited states have 
been identified by magnetic circular dichroism.8-9

The intense absorptions at high energy are due appar
ently to dipole-allowed transitions. The shoulders at
44.000 and 47,500 cm-1 may be attributed to a* ■«— Lit. 
An absorption maximum was not reached before the 50,000 
cm-1 limit for the instrumentation. It is possible, as well, 
that the allowed Pt p2 •*— d may occur in this region. 
Since the Pt(en)Br2 possesses a dipole moment, the a*
d transitions are not strictly forbidden by symmetry be
cause perturbation by the ligand fields can mix in asym
metric wave functions with the d orbitals. The selection 
rules for the ligand field excitations can be inferred from 
the symmetry of the ground and excitec states. Since the 
ground state is ^ 1, spin-allowed excitations of 1Ai, 1B1, 
and 7B2 states may have nonzero transition moments for 
y, z, and x polarizations, respectively. The ligand field po
larizations for the transitions assigned in the solution 
spectrum are included in Table II.

Crystal Spectra for Pt{en)Br2. The technique for re
cording crystal spectra measures the difference of the ab
sorbance at some wavelength from that of a standard 
wavelength. Since the absorbance at 600 nm in both b 
and c polarizations was very low, the absorbances at 
shorter wavelengths were measured with respect to those 
at 600 nm. For comparison of a crystal spectrum with that 
for a solution, it is desirable to determine a molar absorp
tivity, c. Such a determination requires the crystal thick
ness L, for

t= A / L C  (1)

where A is the absorbance and C is the molar concentra
tion, 8.91, from the crystal density. Two techniques were 
utilized to determine a crystal thickness. In one, the 
weight of a crystal was determined to be 18.1 ±  1.0 /xg by 
means of a Cahn electromicrobalance. Under a microscope 
with a calibrated scale, the somewhat irregular area was 
determined to be 0.404 mm2. The thickness was therefore 
indicated to be 12.1 /x. The indicated molar absorptivity
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TABLE II: Transitions in Pt(en)Br2 from the Solution Spectrum

v, cm 1

Molar
abserptivity, 
M~1 cm- 1

Oscillator 
strength 

X 103
Transition assignment 
C2u symmetry •‘—At

Predicted ligand 
field polarization

22,000-28,000 47 1.2 3b 2, 3a 2, 3B, Spin forbidden
31,400 283 4.7 1B2 <T*(dxy) ^ d x2-yZ x-a

J1A2 a* (d iy) ■*— dyz Forbidden
35,000 172 3.9 I 'B t <T* (d*y) —  dxy z-c
Not observed 1B2 cr*dxy d22 x-a
44,000 (3000) 361
47,500 (7000) 120) <J*dxy ■*— Lit Dipole allowed

at the 410-nm peax in c polarization was 299 cm-1 M -1 . 
However, it was evident from observation of the crystal 
under crossed polarizers that the crystal was not uniform 
and the uncertainty in e must be of the order of ±15%.

In the second technique the crys:al, whose b polarized 
spectrum is shown in Figure 2, was utilized. It can be seen 
that in the region of low absorbance, i> < 25,000 cm-1 , 
there were weak periodic fluctuations in the recorded ab
sorbance. These fluctuations are the result of the con
structive and destructive interference by light which suf
fers two successive reflections from the crystal faces with 
the transmitted light beam. At an absorbance minimum 
the phase delay for the reflected light, 8o, is 2irN where N  
is an integer. Such interference effects were utilized to 
provide both the thickness and indices of refraction for 
crystals of Magnus’ green salt,2 PtfNHshPtCU. From the 
wavelengths of two minima, Ai and A2, the following 
equation applies2

10000

8000

6000

4000

2000

0

Figure 2. Absorption spectrum of an aqueous solution of 
Pt(en)Br2 and for a crystal with b polarization at 300°K.

N ]\1/n1=  N 2\2/n2 (2)

where 2-kNi is the phase delay at A, and n; is the index of 
refraction at A,. Since (N2 — Ni) is available by counting 
the number of absorbance minima between Ai and A2, eq 
2 can be used to find or N2 provided the index of re
fraction is known as a function of wavelength. For a thin
ner crystal than the one shown in Figure 2, only four in
terference minima were recorded for b polarization, at
330.4, 375.4, 441.9, and 544.4 nm. An acceptable wave
length dependence for nb was obtained only with an as
signment of N  = 4 to 544.4 nm. In that case, nb decreased 
by 6% from 330.4 to 544.4 nm. When a value of 5 for N  
was assigned to 544.4 nm, there was a maximum in the 
index of refraction between 330.4 and 544.4 nm, and when 
a value of 3 was assigned to N  for 344.4 nm the index of 
refraction decreased by 21% from 330.4 to 544.4 nm. The 
wavelength shift fcr Ai was next determined for this crys
tal when it was rotated by 30° in the spectrophotometer 
beam about the c axis. From these wavelength shifts the 
indicated value of nb at Nan was determined to be 1.85 ±  
0.1 with the assumption that na = nb. Because the angle 
of refraction was rot large in this experiment, a calcula
tion showed that with a birefringence, \nb — na|, of 0.2 the 
calculated value of nb was shifted only by 0.03. This crys
tal proved to have a thickness of only 0.6 p. This high 
value of the index of refraction was in agreement with the 
observation by the Becke line method that the index of 
refraction was greater than 1.74, the index of refraction of 
diiodomethane.

From the minima in the b spectrum in Figure 2, the 
value of N  at the absorbance minimum for 20,300 cm-1 
was calculated by the application of eq 2 to be 12 ±  1. 
The thickness for this crystal was found to be 1.6 ±  0.2 fi. 
This thickness provided a value of 261 cm 1 M  1 for t at 
410 nm, c polarization. Since the two determinations of e

Figure 3. Crystal spectra, b, and c polarization, for a crystal of 
Pt(en)Br2, 1.6 p thick.

appeared to have comparable accuracy of ±15%, the aver
age of the two determinations, 280 cm -1 M -1 , was uti
lized in preparing the plots in Figures 2 and 3.

The polarized crystal spectra in b and c polarization at 
300°, and with liquid He, nominally 15°K, are presented 
in Figure 3. In addition, a diffuse reflectance spectrum for 
the compound is included.

In c polarization the absorption is much stronger than 
in b polarization. The c intensity is about five times high
er in the region of the maximum at 24,000 cm-1 . The c 
absorption becomes too intense to record for a single crys
tal beyond 33,000 cm-1 where the molar absorptivity is 
1600 cm-1 M ^1 and rising rapidly. At 15°K the peak 
maximum has shifted to 24,500 err. 1 and decreased in in
tensity so presumably the spin ferbidden transitions are 
somewhat excited by the vibronic mechanism. A shoulder 
can be recognized at 20,500 cm' 1 in the low-temperature
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TABLE III: Transition Assignments for the Crystal Spectra of Pt(en)Br2

Polar- O sc illa to r s trength
¡zation at 15°K Proposed assignm ent: exc ita tion

20,000-27,000 c 4.6 X 10

21,000-27,000 b 1.8 X 10

31,000 b 2.9 X 10
33,500 b 1.4 X 10

36,700 c (~0.1)

spectrum and at still lower energies the interference waves 
are apparent.

In the diffuse reflectance spectrum there is also a peak 
at ca. 24,000 cm-1 . The highest absorbance out to beyond
48,000 cm-1 appears at 36,700 cm-1 . It apparently 
belongs to an intense transition in c polarization which 
must have an energy higher than 44,000 cm-1 in the solu
tion spectrum, and which therefore has been red shifted 
by 7000-12,000 cm^1. It was shown in the discussion for 
PRenJCL1 that such a shift for a transition polarized in 
the stacking direction can be expected for excitation into 
Frenkel exciton states. Since the g g transitions at 
lower energy in c polarization borrow intensity from this 
transition, their intensity is enhanced in the crystal from 
its proximity.

For b polarization at room temperature, the molar ab
sorptivity over much of the transition energy region is 
only moderately higher than for the solution spectrum, 
Figure 2. There is a distinct shoulder at ca. 31,000 cm-1 
which is very close to the maximum for the solution spec
trum. Evidence of a weak band at 34,000 cm -1 appears 
which does provide a total molar absorptivity of 530 cm-1 
M 1. The crystal spectrum then has a minimum at 35,200 
cm-1 which is close to the shoulder assigned to the JBi 
state in the solution. At 15°K, the intensity of the shoul
der at 31,000 has fallen drastically, consistent with its as
signment as a vibronic excitation to the JB2 state, a* «— 
dX2_y2. However, the small hump at 34,000 cm^1 has nar
rowed and increased in height to more than 900 cm-1 
M - 1 with small a shift to 33,500 cm-1 . This is similar but 
even more definitive than the behavior of the band at 
33,100 cm-1 in Pt(en)Cl2. This band apparently corre
sponds to a weak transition which is dipole allowed in b 
polarization. The same assignment is proposed for this 
band, viz., an excitation to a bound ionic state, in which 
an electron from dxi orbital moves into the <r*(dxy orbital) 
of an adjacent molecule, i.e., <r*(dxy)y±i •*- (dxz)y, where 
the subscripts on the d orbitals designate the position in 
the stacking array of molecules. The energy of the transi
tion is at slightly higher energy in Pt(en)Br2 than in 
Pt(en)Cl2, despite :he usual red shift of most bands for 
bromide in accordance with the spectrochemical series.10,11 
Apparently, the higher energy for the Pt(en)Br2 results 
from the slightly higher separation of the molecules along 
the stacking axis 3.50 A us. the 3.39 A for Pt(en)Cl2. The 
energies of transitions to the ionic states increase strongly 
with the molecular separations because of the greater sep-

o*(dxy) d, spin forbidden: vibronic and 
ligand field

a* (dxy) d, spin forbidden: vibronic and 
ligand field

rr*(dxy) •*— dx2_y2, spin allowed: vibronic 
fr*(dxy) ■*— dX2, ionized exciton; cipole 

allowed by overlap
<r*(dXy) Lrra2, Frenkel exciton, dipole 

allowed

aration of charge which occurs in the excited state. A sec
ond allowed transition was observed in Pt(en)Cl2. How
ever, because the ligand to metal transitions occur at 
lower energies in Pt(en)Br2, the absorption becomes too 
intense to follow beyond 39,000 cm-1 .

The intermediate maximum in the diffuse reflectance 
spectrum at 31,000 cm-1 coincides with the shoulder in 
the solution spectrum which was assigned to the XB2 ex
cited state, [<7*(dxy) dxs - y?]. This transition is allowed 
by the vibronic mechanism in the b and c polarization but 
is dipole allowed by the ligand field perturbation in the a 
direction. Hence, it should be much stronger in a polar
ization than in b and presumably is strong enough to pro
vide the peak in the reflectance spectrum.

The transition assignments from the crystal spectra 
have been summarized in Table III. The results have 
demonstrated a stacking of the molecules along the c axis 
of an orthorhombic crystal and the presence of a weak but 
dipole-allowed transition which can logically be assigned 
to an excited ionic crystal state.

Supplementary Material Available. Listings of structure 
factors, coordinates, and anisotropic temperature factors 
will appear following these pages in the microfilm edition 
of this volume of the journal. Photocopies of the supple
mentary material from this paper only or microfiche (105 
X 148 mm, 20 x reduction, negatives) containing all of the 
supplementary material for the papers in this issue may 
be obtained from Journals Department, American Chemi
cal Society, 1155 16th St., N.W., Washington, D. C. 20036. 
Remit check or money order for $3.00 for photocopy or $2.00 
for microfiche, referring to code number JPC-73-3077.
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Rate constants are calculated for the exothermic reactions F + HD(i>, Jj —>• HF(l ') + D and F + HDIu,
J) * DF(u') + H by analyzing the results of three-dimensional classical trajectories on an assumed Lon- 
don- Eyring-Polanyi Sato (LEPS) potential energy surface. The Monte Carlo method is used to start 
each collision trajectory. An analysis is given of the dependences of the total reaction cross sections or 
and specific reaction cross sections o(v, J, u', ER) on the relative translational energy and the vibra
tional-rotational energy of the reagent molecule HD(u, J). Data are presented for the temperature de
pendences of (1) the overall rate constants, (2) the rate constants for the formation of HF and DF in 
specified vibrational states, and (3) the distribution of vibrational, rotational, and translational energies 
in t ie products of these exothermic reactions. The relative rate constants at room temperature for the 
formation of HF and DF in specific vibrational states are (1) for F + HD —► HF(u') + D, k(v' = 1) = 
0.26, [k(u' = 2) = 1.00], and k(u' = 3) = 0.67; and (2) for F + HD — DF(i/) + H, k(v' = 2) = 0.15, [k(v' 
= 3.i = 1.00], and k(v' = 4) = 0.62. Each reaction exhibits a high fractional conversion of available reac
tion energy into vibrational energy of the newly formed molecule. The mean fractions of available 
energy-entering vibration plus rotation are (1) for F + HD ► HF(i/) + D, fv  + / r- = (0.77 + 0.12) = 
0.89, and (2) for F + HD —*• DF(i/) + H, fV' +  / r- = (0.67 + 0.20) = 0.87. The isotopic analogs of the 
reaction between atomic fluorine and H2 all have similar energy distributions of the reaction products, 
but the relative rate constants for formation of product molecules in specified vibrational states are dif
ferent. The overall rate constants at room temperature for the two reactions between F and HD indicate 
that the fluorine atom abstracts the hydrogen atom from HD about 1.5 times as fast as it abstracts the 
deuterium atom from HD.

I. Introduction

Relative rate constants for the formation of HF and DF 
in specific vibrational states from the reactions of F atoms 
with H2 and D2 have been determined experimentally by 
infrared chemiluminescence techniques,2-5a chemical laser 
techniques,6-7 a molecular beam technique,8-9 and theo
retically10-15 by classical trajectory calculations. Overall 
rate constants for the formation of HF or DF in the reac
tions

F + HD HF + D (1)
and

F + HD — *■ DF + H (2)

have not been determined experimentally. The tempera
ture dependences of relative rate constants for the forma
tion of HF and DF in specified vibrational states have not 
been reported for the reactions511

F + HD —*  HFU-'l + D (3)

F + HD —  DF(r') + H (4)
Classical trajectory analysis11-14 with a London-Eyring- 
Polanyi-Sato (LEPS) potential energy surface for the 
reactions F + H2 —*• HF + H and F + D2 —*■ DF + D gave 
results that were in quantitative agreement with available 
experimental data. This same potential energy surface14 
was used to make a trajectory analysis16 of the reactions 
of H atoms with vibrationally excited HF, and the results 
were in quantitative agreement with available experimen

tal data. Since the potential energy function used in this 
analysis is independent of isotopic substitution, it is rea
sonable to expect that this surface will give results for the 
reaction F + HD that are in quantitative agreement with 
future experimental data. Rate constants for reactions 3 
and 4, in which HF and DF are vibrationally excited, are 
required in the calculation of the performance of HF and 
DF chemical lasers.

The present paper reports the results of 8400 classical 
trajectories on a semiempirical LEPS potential energy 
surface for reactions of F atoms with HD. The purpose of 
this paper is to present the temperature dependences of 
the overall rate constants, the energy distributions of the 
reaction products, and the rate constants for the forma
tion of HF and DF in specific vibrational states.

II. Classical Trajectory Calculations
The LEPS method was used to construct the F-HD po

tential energy surface. The poten-ial energy parameters 
used in the present calculation are tabulated in a previous 
paper.14

The method of calculation is discussed in a previous 
paper14 and the references cited therein. The reactant HD 
molecule was assigned quantum vibrational v and rota
tional J states. Calculations were made for v = 0 with J = 
0, 1, 2, 3, and 4. A minimum of 200 trajectories were cal
culated for each (v, J) state of HD at each of the collision 
energies 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, and 4.5 kcal/mol. 
The value of the maximum impact parameter, bmax, at a 
given collision energy represents the smallest value of the 
impact parameter for which 50 randomly chosen trajec-
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tories gave no reaction. The value of 6max increases with 
increasing collision energy. The values of bmax used in 
this calculation varied from 1.5 to 2.0 A for the stated col
lision energies.

The equation used to evaluate the rate constants from 
the cross section is

( 8 kBT\r  1 r
\TTE )1 h  2T2J0 o(v,J ,v',J ',E r)Er X

exp{ ~ W )  ARr
(5)

where is the Boltzmann constant and p is the reduced 
mass of the colliding species, v' and J' are the quantum 
vibrational and rotational states, respectively, of the prod
uct molecule HF or DF. In order to obtain the rate con
stants kv',j'(T), the rate constants kv<J<U'tJ'(T) were aver
aged over a Boltzmann distribution of v, J states of the 
initial reactant molecule. The rate constants k,y(T) were 
calculated from the rate constants kV’tj'(T ) by summation 
of kV'tj'{T ) over allJ' states for a fixed value of o'.

An empirical fit for the rate constant data can be ob
tained from Arrhenius equation

K iT )  =  A(v') exp[~E :,(v')/RT] (6)

The values of A(v') and Ea(o') are shown in Figures 4 and
5. The specific rate constants computed from eq 5 were 
fitted to the form given in eq 6 for the convenience of 
users of present available chemical kinetic programs.17 19
III. Results and Discussions

Figure la-e shows specific reaction cross sections <r(o, J, 
v', Eh) and overall reaction cross sections crr(v, J, Er) for 
the reaction of F atoms with HD molecules.20 The total 
reaction cross sections <rr for formation of DF decreases as 
J increases, and a> for formation of HF increases with in
creasing J. This result is in agreement with the recent tra
jectory studies reported by Muckerman.11-13 Previous tra
jectory studies10-14 have shown that n, increases for the 
reaction F + H2 as J  increases from 0 to 1, and or de
creases as J  increases from 1 to 5. Wilkins21 found that o> 
increases for the reaction F + D2 as J increases from 0 to 
1, and <sr decreases as J increases from 1 to 5. Mucker- 
man11 found, for F + D2 at a single collision energy, that 
trr decreases as J increases from 0 to 5. Blais and Truh- 
lar15 found, for F + D2 at a single collision energy (Eh =
4.5 kcal/mol), that <jr decreases as J increases from 0 to 1, 
and then ur increases as J  increases from 1 to 5. Our stud
ies indicate that one should be extremely careful in reach
ing conclusions from results of trajectory calculations at a 
single collision energy. Examination of the trajectory cal
culations for F + D2 over a wide range of collision energies 
indicates that crr increases as J increases from 0 to 1, and 
0 r decreases as J  increases from 1 to 5. Extrapolations of 
the <rr vs. ER data in Figure la-e for formation of HF give 
apparent threshold energies of 1.0 kcal/mol for J -  0; 1.1 
kcal/mol for J = 1; 1.15 kcal/mol for J = 2; 1.2 kcal/mol 
for J = 3; and 1.25 kcal/mol for J = 4. The present study 
and previous theoretical studies10-15-21 show that initial 
rotational energy of the reagent hinders reaction.

This work shows that the molecular products HF and 
DF are scattered in the backward direction (6 > 90°). The 
angular distribution 1(6 ) shifts toward the forward direc
tion as VR, the relative velocity of the reagents, increases. 
Muckerman,11 Jaffe and Anderson,10 Blais and Truhlar,15 
and Wilkins14 16 found this result in their trajectory stud
ies. Lee and cowcrkers9 also found in their molecular

Figure 2. The overall rate constants KH(T) and KD(T) for reac
tions 1 and 2.

Figure 3. Partitioning of the heat of reactions for F +  HD —► HF 
+  D and F +  HD —*■ DF +  H into various degrees of freedom 
as a function of temperature.

beam experiments for the reaction F + H2 that 1(6) shifts 
toward the forward direction as the relative velocity VR is 
increased.

Muckerman11-13 has discussed the intramolecular iso
tope effect in the reaction F + HD. He found that the 
reaction F + HD is very strongly dependent on the rota
tional energy of the reagent HD. DF formation is favored 
for J = 0, and HF is formed preferentially for J > 1. At J 
> 4, HF is formed exclusively. The present study (Figure

The Journal of Physical Chemistry, Vol. 77, No. 26, 1973



Monte Carlo Calculations of Reaction Rates and Energy Distributions 3083

Figure 4. Rate constants for the formation of H- in specific vi
brational states for the 'eaction F +  HD —► HF (v' +  D (kL. ) .

Figure 5. Rate constants for the formation of DF in specific vi 
brational states for the reaction F +  HD - *  DF (v') +  H (/<„■).

la-e) also predicts this intramolecular isotope effect in 
the reaction F + HD. The reaction cross section <xr in
creases (Figure la-e) with increased relative translational 
energy. This conclusion is in agreement with results re
ported by Jaffe and Anderson,10 Muckerman,11 13 Wilk
ins.1416'21-23 and Blais and Truhlar.15

The overall rate constants Kn and Ko for reactions 1 
and 2 are shown in Figure 2. Kompa, et al. , 6 estimated a 
ratio of K h/Ku = 2.5 at room temperature. This was 
based on their findings that a UF6-HD mixture gave DF 
emission that was three-tenths as intense as that observed 
from the corresponding UF6~D2 mixture. This trajectory 
analysis predicts a ratio of Ku/Ku, = 1.5 at room temper
ature. The curves for K h and K d show that F abstracts H 
from HD about 1.5 times as fast as it abstracts D from 
HD.

In Figure 3, it is shown that the energy distributions of 
the product molecules HF and DF are slowly varying lin
ear functions of temperature. The present trajectory anal
ysis predicts that 77% of the total available energy will 
become vibrational energy of HF when reaction 3 occurs 
and only 67% will become vibrational energy of DF when 
reaction 4 occurs. Previous trajectory calculations predict
ed the energy distributions of the reaction products for the 
reaction F + H2 to be similar to those for the reaction F 
+ D2. The trajectory calculations for the reactions of F + 
HD predict that the energy distributions of the products 
will be sensitive to a change from reaction 3 to reaction 4. 
At present, there is no experimental evidence to substan
tiate this conclusion.

Figure 6. Relative rate constants for the formation of HF and DF 
In specific vibrational states.
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Plots of kv{T ) are shown in Figures 4 and 5. The values 
of kV'(T ) are the rate constants for the formation of HF 
and DF in specified vibrational states. The v' = 2 levels 
are the most highly populated vibrational levels for the 
reactions F + H2 and F + HD when HF (o') molecules 
are formed. The 0' = 3 levels are the most highly popu
lated vibrational levels for the reactions F +  D2 and F + 
HD when DF (o') molecules are formed.

The temperature dependence of the relative rate con
stants for the formation of HF and DF in specific vibra
tional states for reactions 3 and 4 is shown in Figure 6. At 
room temperature, these relative rate constants are (1) for 
F + HD — HF(o') + D, k(u' = 1) = 0.26, [k(v’ = 2) = 
1.0], and k(v' = 3) = 0.67; and (2) tor F + HD —* DF(o') 
+ H, k(u' = 2) = 0.15, [k(v' = 3) = 1.0], and k(v' = 4) = 
0.62. A comparison of these theoretical data with experi
mental data is not possible because the latter have not yet 
been reported. It is expected that these results will be in 
quantitative agreement with future experimental data.

IV. Conclusions

Classical trajectory analysis of the reaction between F 
atoms and HD to form either HF or DF indicates, for both 
reactions 3 and 4, a very efficient conversion of reaction 
energy into product vibrational energy due to the repul
sive energy released and the heavy attacking atom.5® The 
energy distributions of the reaction products are predicted 
to be sensitive to a change from reaction 3 to reaction 4. 
At present, there is no experimental evidence to substan
tiate this conclusion. The intramolecular isotope effect for 
the reaction F -F HD(l>, J) is very strongly dependent on 
the reactant rotational energy. The isotopic analogs of the 
reaction F -1- H2 have quite similar energy distributions of 
the reaction products, but the relative rate constants for 
the formation of product molecules in specific vibrational 
states are quite different. The overall rate constants for 
reactions 1 and 2 at room temperature indicate that the 
fluorine atom abstracts the hydrogen atom from HD about
1.5 times as fast as it abstracts the deuterium atom from 
HD.

This paper gives theoretical predictions for the reaction 
attributes of the reaction F + HD. There is a need for ex
perimental work on this system. Experimental data are 
not available for comparison with our theoretical results.

It is expected that the theoretical results presented herein 
will be in quantitative agreement with future experimen
tal data.

Supplementary Material Available. The cross-section 
data (Figure la-e) will appear following these pages in the 
microfilm edition of this volume of the journal. Photo
copies of the supplementary material from this paper only 
or microfiche (105 X  148 mm, 2 0 X  reduction, negatives) 
containing all of the supplementary material for the pa
pers in this issue may he obtained from the Journal De
partment, American Chemical Society, 1155 Sixteenth 
St., N.W., Washington, D. C. 20036. Remit check or 
money order for $3.00 for photocopy or $2.00 for micro
fiche, referring to code number JPC-73-3081.
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Relative bicentric contributions to the total CNDO/2 molecular energy are examined for 41 molecules 
using energy partitioning concepts. External rescaling of bicentric contributions permits estimation of 
reliable bond and atomization energies but brings about no improvement in the potential of CNDO theo
ry in predicting geometries. Specific results are discussed for the fluorides of oxygen and boron.

Introduction

In two recent molecular orbital studies of the fluorides 
of sulfur1 and the fluorides of nitrogen and phosphorus2 
we have pointed out that the CNDO/2 theory with usual 
parameterization3 incorrectly weights the relative contri
butions to the total molecular energy from chemically dif
ferent atom pairs, for example, from P-P and P-F pairs in 
P 2F 4 . We helieve, as a result, that many published 
CNDO-based predictions of relative stabilities of molecu
lar conformations or geometries may be unreliable. In this 
paper we demonstrate further the incorrect relative 
weighting in a study of a broader series of 41 small inor
ganic molecules, anc attempt to localize the main source 
of error by an energy partitioning analysis of the CNDO 
total energy.

We have also shown previously1-2 for a limited group of 
molecules that if the total molecular energy is partitioned 
into atomic and diatomic components

E( =  S £ a„ +  Z E *  (1)
as defined by Pople and Beveridge.3 the bicentric compo
nents Eab may be individually rescaled with known bond 
energies and summed to obtain molecular atomization 
energies in reasonably good agreement with experimental 
ones. Here we extend these ideas to a broader series of 
molecules and consider also rescaling of the bicentric 
CNDO resonance-exc/iange energies.

Thus far the proposed diatomic rescaling procedure has 
been applied to molecules at their known equilibrium 
geometries. Comments are offered here on the potential of 
the procedure in predicting molecular geometries.

Calculations and Results

In Table I we summarize known thermodynamic data 
and sources of structural data for the 41 calibrating or test 
molecules considered. Experimental heats of atomization, 
labeled HATX, include zero-point energies but do not in
clude temperature corrections to 0°K.

For all these species at known or estimated geometries, 
binding energies were computed on the Univac 1108 with 
the Dobosh CNDO/2 program4 and unmodified internal 
parameters. Binding energies are defined according to

BE =  E T -  ZEA (2)
where ET is the total energy and EA° are ground-state 
energies of isolated atcms.

Figure 1, a plot of HATX vs. BE values, illustrates that 
for these complex molecules no simple linear relationship 
exists such as that proposed by Wiberg5 for a series of 
simple organic molecules. The results of a linear least-

squares analysis, shown in Figure 1, include a linear corre
lation coefficient between HATX and BE values of only 
0.535.

Approximate straight lines can be drawn connecting 
members of a family of molecules with like bonds such as 
SF, SF2, SF4, SF6 or PF, PF2, PF3, PFS. However, the 
slopes of these family lines differ markedly from one an
other. and all molecules related to the family but with at 
least one different bond pair, e.g., 7SSF or P2F4, deviate 
considerably from the family line. These latter observa
tions led us to an analysis of individual diatomic contri
butions to the total molecular energy

The Dobosh program was modified accordingly to per
mit collection of all bulk bicentric terms EAB after the 
terminal SCF iteration, and furthermore to subdivide 
each EAB as follows (for closed shell systems)

Eai; =  £ ABKfc 'E Eab E Eai,n *0)
where

£ akkf =  V V /' . / /•■ t- / / . . . .  (4)
P A r h

E.vf =  [PaaP bb — P.aaZ b — P bbZ aJ'Vab (5 |

EAhs =  ZaZ b/Rah (b)

£ abre contains all interactions labeled “ resonance” and 
“ exchange” by Fischer and Kollmar6 in their energy parti
tioning analysis, EAHC contains coulombic attractions and 
repulsions, and £ ABN represents the repulsions of the nu
clei and cores. EAH quantities are related to the CNDO 
total molecular energy and the energies of promoted 
atoms Ea* through eq 1. All other symbols are precisely 
those defined by Pople and Beveridge.3 Analogous expres
sions were developed for open-shell systems.

Figure 2 illustrates that a marked improvement in lin
ear correlation results when HATX values are plotted vs. 
sums of bicentric energies, Z £ AB. Comparing eq 1 and 2 
we see that the difference between 1 EAH and BE is a sum 
over atomic promotional energies. Hence much of the 
scatter observed in Figure 1 and much of the error in the 
computed CNDO binding energies may be attributed to 
approximations involved in one-center energies.

Further improvement is noted in Figure 3. a plot of 
HATX values vs. sums of bicentric “ resonance-exchange” 
energies, Z £ ABRE. defined according to eq 4. Association 
of bond energies with such computed quantities is not a 
new idea.3 Here, removal of the influence of the approxi
mations involved in evaluating core repulsions and cou
lomb interactions permits the linear correlation coefficient 
to increase to 0.931. The integrals yAB contribute to both
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Binding enehg,es toe )
Figure 1. Experimental atom ization energies (HATX) for the 41 
m olecules considered vs. CNDO binding energies. The least- 
squares straight line shown has the form  y =  193.3x +  93.2 
with standard deviation ay =  99.0 and linear corre lation coe ffi
cient r =  0.535. x and y represent quantities plotted as abscissa 
and ordinate with units indicated.

Figure 2. Experimental atomization energies (HATX) vs. sums of 
unrescaled b icentric energies, EAB. The least-squares straight 
line has the form  y =  108.2x -  29.7 with ay =  78.2 kca l/m o l 
and linear correlation coeffic ient r =  0.854.

Fu„ and EABc, while the one-center electron densities PAa 
and P bb appear only in EABC; hence it is tempting to at
tribute the error in EABc again tc one-center quantities. 
Despite the increase in correlation shown in Figure 3, the 
standard deviation in computed atomization energies, 44.2 
kcal/mol, is too large to make the observed linear relation 
useful to chemists.

The world-wide availability and employment of CNDO- 
based programs appears to justify exploratory attempts to 
make them more useful. As an alternative to immediate 
internal reparameterization of the theory and as a guide 
to appropriate directions for reparameterization we con
sidered external rescaling of bicentric energies with known 
bond energies. Within the limitations to be described, 
such rescaling of either F A b r e  or EAB values permits the 
computation of meaningful bond and atomization energies 
with the CNDO programs. In the first of two procedures 
considered, the computed values of EAB were rescaled by 
requiring for 16 molecules involving only one bond type,

TABLE I: Thermodynamic Data and Sources of Structural 
Data for Molecules Considered

Molecule
HATX,

kcal/mol
Structural 

data source

* b 2 72.2a a

BF 181.4“ b
b f 2 304.9“ c

* b f 3 468.9“ a
b 2f 4 695.9“ a, k

*CF 133.6“ a
c f 2 253.0“ a
c f 4 479.1“ a

* n 2 229.4“ d
NF 82“ d
n f 2 142.1“ d

* n f 3 206.4“ d
N2F2 (cis) 254.9“ d
N2F4 314.2“ d

* 0 2 120.2“ a
OF 54.0“ i

* o f 2 94.7“ t
FOOF 158.3“ 9

*P 2 103.5“ d
PF 105“ d
p f 2 234“ d

* p f 3 366“ d
p f 5 562“ d
p2f 4 534“ d

*s2 103“ h
SF 87.1“ h
s f 2 174.8“ h

* s f 4 330.7“ h
* s f 6 484.5“ h

FSSF 257.4“ h
s s f 2 261.2“ h

*NO 153.7“ a
FNO 211.6“ a
F3NO 277.6“ ioCL*

142.6“ a
f 3p o 500.7“ a

*so 126.8“ a
f 2s o 303.8“ a
f 2s o 2 436.0“ a

*PS 110.2“ a
f 3ps 447.7“ a

“  Reference 8. 6 F. J. Lovas and D. R. Johnson, J. Chem. Phys., 55, 41 
(1971). c RBp estim ated  as average of that for BF and BF3. z F B F  from  
W. Nelson and W. Gordy, J. Chem. Phys., 51, 4710 (1969). “  From data 
sum m arized in re f 2. “  Reference 9. ' L. P ierce, N. D iC ianni, and R. H. 
Jackson. J. Chem. Phys.. 38, 730 (1963). e R. H. Jackson , J. Chem. Soc., 
4585 (1962). h From  data sum m arized in re f 1. ' V. P lato, W. D. H artfo rd, 
and K. H edberg. J. Chem. Phys.. 53, 3488 (1970). 1 Reference 7, th e o re 
tica l value. “  From  data in ref 12.

AB, that the sum over EAB values, computed at equilibri
um distances, must total the experimental heat of atom
ization. The 16 calibrating molecules are starred in Table
I, while the rescaling factors obtained are listed in Table
II. These latter are to be interpreted as, for example, one 
unit of CNDO computed bulk bicentric energy for a nitro
gen-fluorine pair, £ nf, is equivalent to 70.19 kcal/mol in 
real life.

The rescaling factors thus obtained were tested by cal
culation of atomization energies for 25 additional mole
cules involving combinations of these atom pairs. These 
are of assorted experimental geometries, most much more 
complex than those of the calibrating systems, but with 
bond distances generally near those involved in calibra-
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Figure 3. Experimental atomization energies (HATX) vs. sums of 
unrescaled “ resonance-exchange" energies, Eab  ■ The least- 
squares straight line has the form y =  82.8x — 38.5 with oy =  
44.2 kcal/m ol and linear correlation coefficient r =  0.931.

TABLE II: Rescaling Factors for CNDO Bicentric Energies

AB in

Energy 
equivalent 

to one 
£ a b  unit, 
kcal/mol

AB in 
£ab

Energy 
equivalent 

to one 
E A b  unit, 
kcal/mol

BB [40.27]“ pp 73.69
NN 101.3 ss 72.91
OO 73.49 PF 136.5
FF, OO (repulsion) ~ 200 SF 93.79
BF 158.1 PS 75.91
OF 114.6 NO 81.70
NF 70.19 PO 107.0
OF 54.35 SO 91.13

“  See d iscussion  of th is  quan tity  in section  on ooron fluorides.

tion. The results are illustrated in Figure 4, where rela
tively small deviations are observed from the ideal 
straight line relating experimental atomization energies 
(labeled HATX) and computed ones (HATT), and the 
linear correlation coefficient is 0.997. Calibrating mole
cules are excluded from this evaluation

The variation shown in rescaling factors (Table II) rein
forces our contention that CNDO/2 parameterization mis- 
weights relative energy contributions to the total energy, 
Et , from different a:om pairs, and accordingly that con
clusions based upon optimization of ET for a molecule 
may be in considerable error.

A similar externa) rescaling was performed on sums 
over Eabre with the resultant energy equivalents listed in 
Table HI. A least-scuares analysis of HATX vs. HATT 
values yielded a standard deviation of 11.3 kcal/mol in 
computed atomization energies and a linear correlation 
coefficient of 0.995. Thus either rescaling method gives 
reasonable estimates of bond and atomization energies.

Improved sets of rescaling parameters may be obtained 
by optimizing the least-squares fit fcr a larger group of 
molecules. In the present calculations, for example, the 
bicentric energy between nonbonded fluorine atoms was 
estimated by simultaneously fitting EsF and EFF with the 
atomization energies of SF4 and SFg.1 This same energy 
factor was used to correct repulsions between oxygen pairs

Figure 4. Experimental atomization energies (HATX) vs. theoret
ical ones (HATT), computed by rescaling bicentric energies 
Ea b - Calibrating molecules are excluded. The least-squares 
straight line has the form y = 1.05x -  9.40, with <rv =  7.8 
kcal/m ol and linear correlation coefficient r =  0.997.

TABLE III: Rescaling Factors for CNDO 
Resonance-Exchange Energies

AB in 
Ea b re

Energy 
equ iva lent 

to  one 
Ea b r e  unit, 

k c a l/m o l
AB in 

Fa b k e

Energy 
equiva lent 

to  one 
E a b r e  unit, 

k c a l/m o l

BB [3 5 .5 0 ] “ PP 5 1 .6 4
NN 7 2 .7 8 SS 5 9 .2 6
OO 6 0 .5 2 PF 8 8 .7 0
OO, FF (repulsion) ~ 5 0 0 SF 7 2 .1 7
BF 1 0 3 .3 PS 6 1 .2 4
CF 9 1 .9 3 NO 6 2 .1 7
NF 6 2 .2 6 PO 7 1 .3 4
OF 5 0 .5 0 SO 6 6 .9 8

°  See foo tno te  a to Table 11.

and repulsions between oxygen-fluorine pairs, all very 
small. A better fit would be expected if these latter two 
pairs were rescaled explicitly.

With the above rescaling methods yielding atomization 
energies with less than an average 5% error, we hoped for 
improvement in the potential of CNDO calculations in 
the prediction of molecular geometries. However, in stud
ies of several of the molecules considered in this paper op
timization of HATT with respect to bond distances and 
bond angles occurred at geometries no closer to the true 
ones than those consistent with the optimum CNDO 
binding energy. For molecules of bond type such as NF2 
the CNDO bond distance, 1.23 A, is largely determined by 
strongly varying NF interactions; F-F repulsions vary 
slowly and are too small to increase the NF bond distance 
to the experimental 1.36 A. Rescaling with a constant fac
tor does not of course change the variation of NF energies 
with distance, and even with the large £ Kk rescaling factor 
F-F repulsions are insignificant in influencing geometry. 
For molecules with two bond types such as ct's-N2F2, F-F 
repulsions are even smaller, £ NN varies very slowly with 
bond distance, and £ n f  again very quickly. Although the 
rescaling factor for E n n  is larger than that of E n f , varia
tion in the latter dominates in determining optimum 
geometry.
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Since rescaling procedures do not appear to correct im
proper variation of CNDO energies with bond distances, 
we may justifiably ask why the method appears to de
scribe properly trends in atomization energies of a diverse 
series of molecules such as N2, NF, NF2, NF3, N2F2, and 
N2F4. The NF bond distance in these species varies little; 
hence a ENF rescaling factor computed with one molecule 
is applicable to others with reasonable safety. In contrast, 
the N-N bond distance varies from 1.09 A in N2 (a cali
brating molecule) to a 1.49 A in N2F4. As noted above 
Enn, however, varies slowly with distance for a given 
molecule and it is dramatic changes in bond order in 
going from N2 to N2F2 to N2F4 that are reflected in the 
strong corresponding changes in Enn- It appears that the 
CNDO computed bicentric energies do properly reflect 
changes in bond order in a series of related molecules.

From this discussion we conclude that criteria for se
lecting calibrating molecules for a particular bond type 
AB must include (besides known geometry and thermo
chemistry) (1) an AB bond distance close to that of AB in 
all other molecules to be rescaled or (2) a slow variation in 
Eab with bond distance.

Comments on Specific Molecules
Specific results for some of the species treated here sta

tistically may be of interest in themselves.
Oxygen Fluorides. O’Hare and Wahl7 have computed an 

ab initio Hartree-Fock dissociation energy for the OF rad
ical. Do = 3.0 (+C.3, —0.8) eV. Our computed value is
2.35 eV (Eab rescaling), within the range of the O’Hare 
and Wahl result and several other experimental values 
quoted in their paper. For the radical FOO (not included 
in our statistical study) we computed with JANAF8 geom
etry an HATT = 133.8 kcal/mol, supporting the atomiza
tion energy favored by O’Hare,9 138.1 kcal/mol. Predicted 
and experimental atomization energies of FOOF differ by 
only 5 kcal/mol. Some observations on the comparative 
structures of FOOF vs. FSSF follow.

In calculations on FSSF1 a S-S bond energy slightly 
stronger than that in diatomic sulfur was predicted, a re
sult consistent with experimental indications that FSSF is 
in essence a S25+ diatomic with F»~ ions bonded sufficient
ly loosely that equilibrium interconversion between this 
and the S =SF2 fcrm occurs readily. The increased S-S 
bond strength was attributed to partial removal of the 
topmost antibonding electrons from diatomic sulfur. In 
the FOOF molecule, although the 0 -0  distance is similar 
to that of diatomic 0 2, more extensive mixing of atomic 
orbitals occurs over the molecule, perhaps since all in
volved are first-row atoms, and the charge distribution 
corresponds to a somewhat less ionic molecule. In contrast 
to FSSF, the overall orbital picture in FOOF seems less 
like that of a slightly perturbed diatomic. Furthermore, 
the 0 -0  bond energy in FOOF (95.4 kcal/mol) appears to 
be considerably reduced over that of 0 2 (120.2).

Boron Fluorides. BF3 was chosen as a calibrating mole
cule for the BF bond since its geometry and enthalpy of 
formation are well established. The theoretical atomiza
tion energy computed for BF, 185.2 kcal/mol, dependent 
only upon the the BF3 rescaling energy, agrees well with 
the experimental 181.4. With an estimated structure for 
BF2, we computed an atomization energy of 319.5 kcal/ 
mol, a value more consistent with the enthalpy of forma

tion of BF2, -130 ±  6 kcal/mol, determined by Mar
grave10 from appearance potentials than with the more 
recent photoionization result ( — 120.2 kcal/mol) of Dibeler 
and Liston.11 Unfortunately it was the bond distances, on 
which energies depend more strongly, that had to be esti
mated in our calculations.

Durig, Thompson, Witt, and Odom,12 on the basis of 
the Raman spectra of B2F4, propose that the symmetry of 
the gaseous molecule, like that in the solid, is D2h rather 
than D2d.8 For planar and staggered structures with both 
bond lengths proposed for R(BB), 1.67 and 1.75 A, we 
found HATT values differing little from 668 kcal/mol, 
considerably lower than the experimental 696.

The experimental value comes from a study by Gunn 
and Green13 of the heat of reaction of B2F4 with Cl2, these 
authors calculating a B-B bond energy of 72.4 kcal/mol. 
Combination of Gunn and Green’s enthalpy of formation 
of B2F4 (-342.1 kcal/mol) with that of Margrave10 for 
BF2 ( — 130 kcal/mol) gives 82 kcal/mol for the bond dis
sociation process B2F4 * 2BF2. More recently Dibeler and 
Liston11 have proposed a B-B dissociation energy of 103 
kcal/mol. Our calculations indicated an initially surpris
ing result that the rescaled EBB in B2F4 is only 40-41 
kcal/mol.

The cause of this unusual and erroneous prediction is 
that for our calibrating molecule, B2, the ground-state 
CNDO configuration is 2(Tg2l r u32cru (3Ilg), with a rough 
bond order of 2, as opposed to the experimental single 
bonded molecule of configuration 2og22<7„2l 7r>I2 (32 K~). Ac
cordingly, we have considered two crude methods of esti
mating the B-B bond energy from our results. First, we 
ignore the computed £ BB and assume on the basis of 
agreement between calculated and experimental atomiza
tion energies for BF and BF2 that the rescaled energy of 
the BF bonds in B2F4 is reliable (626 kcal/mol). The dif
ference between this and the experimental HATX (696) 
reflects the BB bond energy, 70 kcal/mol. Secondly, since 
CNDO based energies for B2 are describing a bond order 
of about 2, we half them before determining the energy 
equivalent. This doubles EBB values in Tables II and HI 
and increases the B-B bond energy to 82 kcal/mol and the 
predicted atomization energy to 708.4 kcal/mol (experi
mental 695.9). These corrective measures, although ad
mittedly desperate, appear to support the lower values for 
the B-B bond energy in B2F4. Studies on inorganic chlo
rides, now in progress, may clarify this question.
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Precise conductance measurements are reported for alkali metal and tetraalkylammonium halides and 
perchlorates in propylene carbonate. Analysis of the data by an extended form of *.he Fuoss-Onsager con
ductance theory indicates negligible ion pairing. Single ion conductivities were derived using the refer
ence electrolyte (i-AmLNR'-AmLB. Ion mobilities are discussed in terms of the Boyd-Zwanzig equation 
and the solvent properties of propylene carbonate.

Introduction

Propylene carbonate (PC) is an interesting dipolar apro- 
tic solvent in several respects. It has a wide liquid range 
(mp —49.2°; bp 241.7°), high dielectric constant (64.92 at 
25°),1 and is inert toward reducing materials such as lithi
um metal. PC appears to be a relatively unstructured liq
uid1-2 as evidenced by a Trouton constant of 23 and a 
Kirkwood correlation factor of unity (g = 1.01 at 25°).1

Several studies of ionic solvation thermodynamics in 
this solvent have been reported.3-7 The results indicate 
that PC has moderate Lewis base and weak Lewis acid 
properties, and it has served as a useful reference for com
parison of ionic solvation parameters among solvents.3 -4 -7

Electrolytic conductance measurements are also impor
tant in order to characterize ionic solvation processes, but 
few studies have been reported in PC.3a-8-11 Of these, only 
Mukherjee and coworkers10-11 have studied a relatively 
wide variety of salts with high precision methods. How
ever, lack of internal consistency among several salts 
suggests large systematic errors. For example, the Kohl- 
rausch difference between the perchlorate and the chlo
ride salts of lithium is +1.42, but the corresponding dif
ference for the tetraethylammonium salts is -0.42. This 
represents possible errors of over 5% in reported limiting 
equivalent conductances.

We have, therefore, repeated some of this work and 
have measured the conductances of several additional al
kali metal and tetraalkylammonium salts in PC. Single 
ion conductivities have been derived using the reference 
electrolyte tetraisoamylammonium tetraisoamylboride. 
The results are interpreted in terms of the cation and 
anion solvating ability of PC and comparison is made with 
results obtained in other dipolar aprotic solvents.
Experimental Section

Reagents. Propylene carbonate (Jefferson Chemical Co.) 
was stirred over molecular sieves (J. T. Baker Type 5A) 
for 48 hr and then distilled using a 1.5-m vacuum-jack
eted column packed with nichrome helices (Podbielniak, 
Inc.). The column was operated at a reflux ratio of 10:1, 
with a stillhead temperature of 80° at 1-mm pressure. 
Only the middle 60% of the distillate was used. Water 
content of the purified product by Karl Fischer titration 
was <4 X  10“ 4 M. Gas chromatographic analysis was per
formed using a Porapak Q column with N2 carrier gas and 
flame ionization detector. Detectable impurities were
1,2-propylene glycol, 10 ppm; allyl alcohol, <2 ppm; and

propylene oxide, <1 ppm. The purified product had a spe
cific conductivity of <3 X  10“ 8 o h m 1 cm -1, a density of 
1.1993 g cm -3, and a viscosity of 2.513 cP.

Highly purified, fused lithium perchlorate (MCB 
Polaroquality, sealed under argon) was used without fur
ther purification. Sodium perchlorate (Fisher Certified) 
was recrystallized from a 1:5 water-acetone mixture and 
then precipitated in turn from ethyl acetate and acetone 
with dioxane. Potassium perchlorate (Fisher Certified) 
was recrystallized twice from water. Rubidium perchlo
rate (K & K Laboratories. Inc.) was recrvstallized four 
times from a 1:1 methanol-water mixture. Cesium per
chlorate (K & K Laboratories. Inc.) was recrystallized 
once from water and then twice from a 1:3 methanol- 
water mixture. These purified salts were powdered and 
dried under vacuum at 200° for 50 hr.

Tetramethylammonium, tetraethylammonium. and 
tetra-n-butylammonium perchlorates (G. F. Smith Chem
ical Co.. Polarographic Grade) were powdered and dried 
under vacuum at 60° for 24 hr. Tetrapropylammonium 
perchlorate (Eastman) was recrystallized twice from ace
tone and dried under vacuum at 90° for 40 hr. Tetra-n- 
butylammonium bromide and iodide (G. F. Smith Chemi 
cal Co.. Polarographic Grade) were used as received.

Potassium chloride (J. T. Baker, Ultrex) and sodium 
and potassium iodides (Research Organic/Inorganic 
Chemical Corp., 99.99%) were used as received. Potassi
um thiocyanate (Fisher Certified) was powdered and dried 
under vacuum at 60° for 15 hr.

Tetraisoamylammonium tetraisoamylboride was pre
pared by the method of Coetzee and Cunningham.12 The 
salt was then precipitated six times from acetone with 
water and dried under vacuum at 50° for 12 hr. (Anal. 
Calcd for C, 80.88; H, 14.94; N, 2.36. Found: C. 80.76; H. 
15.14; N, 2.27.) Tetraisoamylammonium iodide (Pfaltz 
and Bauer, Inc.) was recrystallized from a 1:8 acetone- 
water mixture and dried under vacuum at 60° for 12 hr. 
Analysis by silver nitrate titration: 100.0%. This material 
was also used in the preparation of (i-AmLNR-AmLB.

Apparatus and Procedure. A 1-1. Kraus type conduc
tance cell with lightly platinized electrodes was used.13-14 
A salt cup dispenser15 was used to deliver weighed 
amounts of salt to the cell. Salt dissolution was hastened 
with a Teflon-coated magnetic stirring bar. With the ex
ception of a few nonhygroscopic sa.ts. all salt transfers 
were performed in a glovebox under N2 atmosphere. A 
calibrated platinum resistance thermometer was used to
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TABLE I: Conductance Parameters tor 1-1 Electrolytes 
in PC at 25°

Salt -̂ 0 Ka J2 <7 A

UCIO4 27.34 ±  0.005 -1 .5 130.6 0.003
27.32 ±  0.003 - 1 . 0 78.2 0.002

NaC104 27.89 ±  0.01 -1 .1 99.5 0.006
27.89 ±  0.002 -1 .3 104.4 0.001

KCIO4 29.64 ±  0.002 0 .6 97.0 0.001
29.56 ±  0.003 0.5 98.1 0.002
29.63 ±  0.008 0.7 73.9 0.005

RbCI04 30.33 ±  0.004 0.9 169.7 0.002
30.35 ±  0.004 1.4 88.5 0.003

CSCIO4 31.10 ±  0.006 2.7 -2 6 .4 0.005
31.10 ±  0.003 2.1 79.0 0.002

Nal 27.81 ±  0.004 -0 .7 46.4 0.002
27.80 ±  0.002 -0 .4 1.4 0.002

Kl 29.41 ±  0.005 -0 .7 107.6 0.003
29.56 ±  0.004 - 0 . 1 10.1 0.003

KSCN 33.31 ±  0.001 3.1 53.6 0.001
33.26 ±  0.01 3.2 26.8 0.008

Me4NCI04 32.60 ±  0.002 2.5 271.5 0.001
32.61 ±  0.002 2.7 236.6 0.001

Et4NCI04 31.64 ±  0.03 1.2 519.0 0.02
31.61 ±  0.01 1.0 437.0 0.006

Pr4NCI04 28.92 ±  0.002 1.8 271.8 0.001
28.88 ±  0.008 1.6 319.8 0.004

Bu4NCI04 27.41 ±  0.003 2.2 228.6 0.001
27.44 ±  0.002 2.3 223.1 0.001

Bu4NBr 27.89 ±  0.007 2.6 210.2 0.004
27.89 ±  0.002 2.4 241.2 0.001

Bu4N 1 27.32 ±  0.005 2.6 263.9 0.003
27.33 ±  0.005 2.3 300.2 0.002

(/-Am)4NI 26.52 ±  0.004 2.8 291.1 0.004
26.52 ±  0.001 2.8 290.8 0.001

(/'-Am)4N(/-Am)4B 16.33 ±  0.008 4.6 354.1 0.005
16.36 ±  0.01 5.4 291.9 0.007

set the temperature of a 25-gal oil bath, which was main
tained at 25.000 ±  0.002° during all experiments. Resis
tance measurements were made with a Leeds and Nor- 
thrup conductance bridge in conjur.ction with a General 
Radio oscillator and tuned amplifier null detector.

A small residual frequency dependence of measured re
sistances was corrected by extrapolation of values mea
sured at several frequencies to infinite frequency. The cell 
constant was determined frequently using potassium chlo
ride solutions; results were analyzed by the averaged con
ductance equation of Lind, Zwolenik, and Fuoss.16 The 
cell constant value changed by only 0.02% over a concen
tration range of 0.5-5 X  1 0 3 M.

Molar concentrations were determined using solution 
densities calculated from the equation d = d0 + Am, 
where m is the moles of salt per kilogram of solution. 
Density measurements were made on solutions remaining 
after conductance runs using a 30-ml capillary pycnomet
er similar to those described by Coetzee and Cunning
ham.17

Viscosity B coefficients in the Jones and Dole equa
tion18 were determined by measuring solution viscosities 
with a Cannon-Ubbelhode dilution viscometer. Solution 
manipulations were performed under an argon atmo
sphere. Efflux times were reproducible to ±0.1 sec.

Results

The measured equivalent conductances and correspond
ing electrolyte concentrations together with solution den-

TABLE II: Single Ion Conductivities of Univalent Ions in PC at 25°

Ion Xoa Ion Xoa

Li + 8.89 Bu4N + 8.98
Na + 9.45 (/-Am)4N + 8.17
K + 11.17 (/-Am)4B“ 8.17
Rb + 11.90 CI04“ 18.44
Cs + 12.66 | - 18.35
Me„N + 14.16 B r“ 18.91
Et4N + 13.18 SCN“ 22.12
Pr4N + 10.46

a Va lues based on re fe rence  e lec tro ly te  ( /-A m )4N (/-A m )i B.

sity and salt viscosity coefficients appear in the microfilm 
version of this volume of the journal.19 Conductance data 
were analyzed by a modified form of the Fuoss-Onsager 
conductance theory20 in which the term in c3/2 is re
tained21-22
A =  A0 -  S(cy )1/2 +  Ecy log cy +

(J x -  BA„)cy -  J.Acyfrl ~  KAcy A f±2 (1)

where the ion pair association constant is given by

K A = (l -  y )/ y 2c f±2 (-)

In the calculation of J\ and f ± , the ion size parameter 
was set equal to the sum of the ionic crystallographic radii 
for alkali metal salts, and to the sum of estimated ionic 
radii for the tetraalkylammonium salts.23 A computer 
least-squares program was used to evaluate the adjustable 
parameters A0, KA, and J2. These values are listed in 
Table I along with the standard deviations of fit, crA. Re
sults of duplicate runs are reported for each salt.

Small negative values of J2 and KA were obtained for 
some alkali metal salts. This is an indication of the diffi
culty in obtaining a separation between the J2 and K A 
terms and of approximations in the theory which these 
terms must absorb.24

Attempts to obtain transference numbers in PC by the 
autogenic moving boundary method were unsuccessful due 
to solvent decomposition. Approximate single ion conduc
tivities were obtained by assuming that the cation and 
anion mobilities of tetraisoamylammonium tetraisoamyl- 
boride were equal;17 these values are listed in Table II. It 
has been determined by precise transference number mea
surements that (¿-Am)4N+ is 1.2% less mobile than (i- 
Am)4B _ in acetonitrile.25 This appears to be the limit of 
accuracy of this approach for deriving single ion conduc
tivities.

Discussion

Kohlraush differences calculated from average A0 values 
of Table I agree within 0.05 conductance units in all cases. 
A comparison of our limiting equivalent conductances 
with those of Mukherjee and coworkers10-11 shows large 
differences, from -1.25 for lithium perchlorate to +1.25 
for potassium iodide. They report a solvent viscosity 
which is 1.3% lower than our value, which accounts in 
part for their generally higher A0 values. In order to esti
mate the precision of these earlier data they were reana
lyzed by eq 1 using our least-squares program. Standard 
deviations of fit were found to be larger than those re
ported in this work, as great as 0.5 cm2 ohm 1 equiv 1 in 
the case of lithium percholate. Differences between A0 
values obtained by their graphical methods and our
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'A<
Figure 1. Single Ion conductivities in PC vs. the reciprocal of 
estimated crystallographic radii: smooth curve drawn through 
cation points; (A), eq 3 assuming ion-so vent sticking; (B), eq 3 
assuming ion-solvent slipping.

reanalysis are not sufficient to explain the discrepancies 
between the two sets of data. In view of the large standard 
deviations of fit and the lack of internal consistency in 
their results, we believe our values to be more reliable.

The calculated association constants in Table I show all 
salts to be essentially unassociated, with the possible ex
ception of potassium thiocyanate. Presumably this salt in
dicates slight ion pairing due to the small size of the 
anion, for potassium iodide and perchlorate are unassoci
ated. Potassium thiocyanate was found to be the most as
sociated of these salts in acetonitrile as well.26

Following a suggestion by Justice, the data were reana
lyzed by eq 1 after setting the ion size term in Ji equal to 
the Bjerrum distance, q.27 Small positive values of KA re
sulted. Reanalysis of the data by a form of the Fuoss-On- 
sager theory which neglects the c3 2 term20-28 yielded 
slightly more negative KA values tnan those listed in 
Table I. We conclude here that any ion pairing of these 
salts in PC must be at most very slight.

The single ion conductivities in Table II are plotted vs. 
the reciprocal of estimated crystallographic radii in Fig
ure 1. As observed in other solvents, large cations show a 
normal size-mobility dependence, but alkali metal ions 
produce a reverse trend, with the lithium ion having the 
smallest mobility. Anions have much higher mobilities 
than cations relative to their crystallographic size, indi
cating relatively poor solvation by PC. A molecular orbital 
calculation of electron density in the PC molecule 
suggests this to be true.29 Positive centers of charge are 
shown to be on the three ring carbons, and by steric con
siderations it is difficult to see how extensive anion-dipole 
interactions can take place. However, the three oxygen 
atoms all show significant negative charge and are acces
sible for cation interactions.

Boyd30 and Zwanzig31 have derived an equation which 
correctly predicts the occurrence of a maximum in the 
mobility-size dependence of ions by including the effects 
of a dielectric frictional force.

Ayirr^ +  Au
( ze Ÿ (e,i ~  t j T

:„( 2e0 +  1). (3)

The equation contains two constants, Av and AD, whose 
values depend on whether it is assumed the solvent sticks 
to or slips by the ion at its surface. This equation has 
been plotted in Figure 1 for both cases. Although reason

1/rx

Figure 2. Single Ion conductivity-viscosity products vs. the 
reciprocal of estimated crystallographic radii for tetraalkylam- 
monium and alkali metal Ions: PC, propylene carbonate; NB, 
nitrobenzene; AN, acetonitrile.

able agreement is found for larger cations, discrepancies 
become large as the cation size decreases. Similar differ
ences were seen in a variety of protic and aprotic sol
vents.32 It was suggested that neglect of a dielectric satu
ration effect in the vicinity of the ion was a probable 
cause for at least part of these differences,32 but a recent 
evaluation of this effect shows that this is not the case.33 
Another factor may be strong solvation of these smaller 
ions, which would produce larger kinetic entities and less 
dielectric friction than predicted by eq 3.32 33

The single ion conductivity-viscosity products in PC 
exhibit interesting differences from those of other repre
sentative dipolar aprotic solvents. In Figure 2 Walden 
products of tetraalkylammonium and alkali metal ions in 
acetonitrile25 and nitrobenzene17 have been plotted with 
those of PC. The higher Walden products of tetraalkylam
monium ions in PC may be due to its higher dielectric 
constant, as predicted by eq 3. However, the PC curve de
creases sharply with decreasing cation size, crossing the 
other Walden product plots. This cannot be explained by 
the parameters in eq 3. Kay and coworkers15 observed a 
similar crossover effect of Walden products in ethanol and 
methanol when compared to those of acetonitrile. The 
greater Walden products of large cations in the alcohols 
was attributed to their smaller dipole moments, while the 
crossover effect was explained in terms of the greater 
Lewis basicities of the alcohols.

This approach does not explain the crossover seen in 
Figure 2, however. PC and acetonitrile have approximate
ly the same Lewis base character, as estimated by Gut- 
mann’s donor number concept.34 In addition, PC has a 
larger dipole moment than acetonitrile, 4.94 vs. 3.37 D .35 
Nitrobenzene does have a large dipoie moment (4.0)35 but 
poor donor ability.34 Therefore, both donor properties and 
dipole moments must be considered to explain this cross
over effect. In addition, the large size of the PC molecule 
may play a part in producing small Walden products 
for the smaller metal ions.

It appears that these solvent parameters in addition to 
those used in eq 3 may play a significant role in explain
ing ion mobilities in solvents, in that they could be factors 
in a model which considers the dynamics of solvation.
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Anomalous Properties of Supercooled Water. Heat Capacity, Expansivity, and 
Proton Magnetic Resonance Chemical Shift from 0 to —38°
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Expectations of a rapidly increasing heat capacity for water at low temperatures are confirmed by differ
ential scanning calorimetry. C„ is found to rise very rapidly from 18 to 29 cal mol“ 1 deg“ 1 between - 10° 
and the homogeneous nucleation temperature, —40°. Proton magnetic resonance chemical shift measure
ments suggest this behavior is associated with a cooperative acceleration in hydrogen bond strength or 
formation rate at low temperatures. It is shown that in light of these results the existence of vitreous wa
ters which soften and crystallize near 150 K is paradoxical. To resolve the paradox the existence below 
the homogeneous nucleation temperature of a A-type transition similar to that encountered in liquid sul
fur is postulated. Its origin is tentatively accounted for in terms of the cooperative bond lattice model. 
It is apparent that the positive volume change associated with hydrogen bond formation plays a dominant 
role in determining the observed constant pressure behavior on cooling, the positive volume change itself be
ing a consequence of the geometry of formation of the four coordinate random network.

In a recent discussion of thermodynamic and transport 
properties of water based on a simple statistical treatment 
of the defect hydrogen bond quasi-lattice (“ bond lattice

model” ),1 it was concluded that a knowledge of properties 
of water well below the normal melting point would prove of 
great importance in testing theoretical models of this un
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usual liquid. Unfortunately, even such significant thermo
dynamic properties of water as the heat capacity have never 
been reported for temperatures below - 10°.

It is well known that the smaller the sample of liquid 
chosen for study, the smaller is the chance that it will con
tain a “ mote” or foreign particle on which crystallization 
can commence at small undercooling. Thus water samples 
in fine capillaries (diameter ~10 u) commonly do not 
crystallize before -35°, and have been used to study densi
ty2'3 and dilute solution conductivity2 by Schufle2 and 
Zheleznyi.3 Subdivision by droplet formation achieves the 
same ends, and very useful emulsification techniques have 
been developed by Rasmussen and MacKenzie4-5 which 
allow water as a fairly stable 1-5 ¡x diameter droplet dis
persion, to be supercooled almost to its homogeneous 
nucleation temperature, TH (-4 0  to -41°),6 in volume 
fractions as large as 50%. It is not expected that subdivision 
will have a major effect on the properties of water, since 
one calculates that only 0.6% of the molecules in a 1-  ̂drop
let are present in a surface layer taken to be 10 A (~ 4  
molecules) thick. On the other hand, minor effects of small 
sample size seem to have been present in some capillary ex- 
periments.2b

With interests in confirming the expectation1 of very 
large heat capacities at low temperatures, and in explor
ing the possibility that such behavior could be linked with 
a bond cooperativity-based acceleration in the hydrogen 
bond reformation process, we have used the above super
cooling techniques to measure both the heat capacity and 
the proton magnetic resonance chemical shift. The results 
amply confirm the expectation of uniquely anomalous be
havior in this low-temperature region.
Experimental Section

Heat capacities have been measured on water emulsi
fied in heptane according to Rasmussen’s procedure,4-5 
using differential scanning calorimetry to minimize the 
time of experimentation. This is important at the low- 
temperature extreme where behavior is most interesting 
but homogeneous nucleation of ice is most probable. With 
several emulsions we were able to reach -39°. Data were 
obtained using a 1C K min-1 scan speed on both the Per- 
kin-Elmer DSC-lB calorimeter and the much improved 
DSC-2 instrument. One set of data on the latter instru
ment was obtained on an upscan to eliminate the possibil
ity that the results from downscans were influenced by 
small but exponentially increasing contributions from 
droplet crystallization with increasing supercooling. The 
uniqueness of the behavior of water and D2O was further 
confirmed by comparisons with behavior of emulsions of 
concentrated aqueous salt solutions and of the water-like 
solvent hydrazine, which showed no anomalies as Th was 
approached.

The difference in heat capacity of ice and water. ACP, 
was calculated at c-deg temperature intervals from com
parison of scans in which the water fraction was present in 
supercooled liquid and frozen conditions, respectively. 
The known heat capacity change of water at 0° was set 
equal to the DSC amplitude difference between the super
cooled and frozen water emulsions. Measurements were 
also successfully performed on a clean bulk water sample 
down to -20° using the DSC-lB. To check on data reli
ability, the heat of crystallization at —38° was calculated, 
ignoring temperature rise, from

A / / ; =  M I  ~  f  ACpdTJ;
and found equal to the experimental value of 1005 cal

m ob 1 to within ±2%. For this measurement, the mass of 
water in the emulsified sample was determined from the 
heat absorbed on fusion of a completely crystallized emul
sion at 0°.

Proton chemical shifts were measured using a standard 
Varían A-60 high-resolution spectrometer, introducing the 
sample in a standard 5-mm nmr tube either as an emul
sion or as a bundle of 6 cm long Pyrex glass capillaries 
pulled from standard 1-mm i.d. 6-mm o.d. Pvrex capillary 
tubing. The internal diameters of the capillaries were var
ied in order to ascertain the magnitude of the effects of 
capillary size on the chemical shift and its temperature 
dependence.

Shifts were measured relative to various external refer
ences the choice of which depended on the amounts of 
water and of reference material which could be placed 
within the nmr tube. A 7-atm pressure methane reference, 
in a container capillary of the dimensions used by Hind
man,7 was used to demonstrate our ability to reproduce 
the latter author’s bulk water measurements. For the 
water in capillary measurements the size of the reference 
capillary had to be reduced or sufficient water to give an 
acceptable signal could not be introduced. The amount of 
methane present then proved inadequate unless the pres
sure was increased. An estimated 37 atm of pressure was 
found satisfactory. The 37-atm reference also led to better 
signal-to-noise ratios in the case of the emulsion samples.

It is appropriate to note in this section that bulk water 
shifts referenced to methane at 7 atm agreed with those of 
Hindman to ±0.02 ppm. Differences between 37- and
7-atm references were assessed by comparison of bulk 
water shifts with respect to each, and all results were cor
rected to the 7-atm reference before any corrections for 
solution susceptibility effects were attempted.
Results

Results for our various heat capacity measurements and 
chemical shift determinations are tabulated at 5-K inter
vals in Table I. Data for water are plotted together with 
literature data above 273 K in Figure la. The dif
ference between the heat capacity of ice and that 
of water, ACP, which is the experimentally determined 
quantity, is plotted in Figure lb. We include in 
Figure lb some data currently being reported by Rasmus
sen and MacKenzie,5 obtained by conventional drift calo
rimetry on emulsified water. Agreement with Rasmussen 
and MacKenzie’s measurements is fairly good but the un
certainty in their data, particularly at their lowest tem
perature of -34°. is somewhat in excess of ours. It is im
portant to note that our emulsion data superimpose with
in experimental error on the bulk water data which ex
tend to -20°. This shows that the state of subdivision of 
the water does not strongly affect the measurement: hence 
it is very improbable that the exponential increase in ACP 
with decreasing temperature is an artifact of the experi
ment. Certainly this large increase is not observed in the 
behavior of emulsions of NaCl solutions when the NaCl 
concentration is sufficient (>7 m) to break up the water 
structure.

The findings are in any case very compatible with the 
equally dramatic increase in negative expansivity assessed 
from Zheleznyi’s density measurements on water in a 10-g 
capillary.3 For comparison, the latter data and the current 
emulsion data of Rasmussen and MacKenzie.5 together 
with bulk water data calculated to -20° by Kell8 using a 
curve-fitting function obtained from measurements above 
0°K, are displayed in Figure lc.
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TABLE I: Heat Capacities of H20  and 0 20

T. =C 7 K
Cp (HjO), cal mol 1 deg 1

Cy, cal mol 1 
deg'1, (H20) Av

L) 2W
CD, cal mol- ' 
deg- '. (D20) 

Av DSC-2Av DSC-1B DSC-2 Av Bulk

4 277 18.1 20.3
0 373 18.3 18.3 18.3 18.4

-3 270 18.2 18.0 18.1 18.3 18.0 20.1

- 8 265 16.1 18.0 18.0 18.2 17.9 20.5
-13 260 18.1 18.2 18.1 19.0 17.9 2 1 .2

-18 255 16.3 19.0 18.6 18.9 18.0 2 2 .0

-23 250 16.8 20.1 19.5 17.9 24.2
-28 245 19.3 22.5 20.9 17.8 26.3
-33 240 22.1 25.1 23.6 17.7 30.9
-38 235 ~27 28.9 28.0 17.8

Figure 1. (a) Heat capacity of H20  between 70 and —38°. (b) 
Difference in heat capacity between supercooled water and ice 
and supercooled D20  and D20  ice, as a function of tempera
ture, (c) Total expansion coefficients of water and D20  between 
10 and -3 5 ° .

In Figure 2a the pmr chemical shifts, 5, are presented as 
raw data referenced as indicated in the legend. Because 
the susceptibility corrections for capillary and emulsion

Figure 2. (a) Uncorrected proton chemical shifts for bulk water, 
water in fine capillaries, and in emulsion form, in the tempera
ture range —38 to 80° relative to the reference proton reso
nances indicated in legend (right-hand ordinate scale), (b) Cor
rected shift values all referred to the resonance frequency for 
bulk water at 0° (left-hand ordinate scale). Inset: shift of 
methane reference against pentane over temperature range of 
the present measurements.

experiments are different, the different data sets do not 
superimpose.

In Figure 2b we show the data after susceptibility cor
rections have been introduced, all data being reduced first 
to shifts relative to methane at 7 atm and then finally 
plotted as shifts relative to that of buk water at 0°. The 
susceptibility of the emulsion was taken to be a volume
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fraction weighted average of heptane and water. Since 
capillary data and bulk water data coincide at high tem
peratures, it was assumed that the bulk water susceptibil
ity correction was applicable to bo:h. The susceptibility 
correction for water was made using an extrapolation of 
Auer’s susceptibility data9 and Zheleznyi’s density data.3

Susceptibility corrections are all a little uncertain, 
especially at low temperatures, because the susceptibility 
of water is sensitive to the extent of hydrogen bonding 
which is evidently changing particularly rapidly at low 
temperatures. It is clear, however, that the susceptibility 
corrections must render even more pronounced the curva
ture in the 5 us. T plot already present in the raw data. 
Since this curvature is of prime interest we demonstrate, 
in Figure 2b inset, that the curvature cannot be associated 
with the high-pressure methane reference by showing that 
¿(CH4, 37 atm) — ¿(cyclopentane) varies quite linearly 
with temperature.

We find Figure 2b, which summarizes data gathered in 
many individual runs over the temperature range, quite 
pleasing. The emulsion data in particular are found in 
very good accord with the data on bulk water from +40° 
(at which the emulsion breaks down) to -15°, the lowest 
temperature accessible with bulk samples.7 There appear 
to be some real differences between results for bulk water 
and for water in capillaries, though the departures from 
the bulk water plot are similar for capillaries differing by 
about an order of magnitude in internal diameter. The 
discrepancies may therefore originate in the corrections 
rather than in the actual water structure. Because the 
emulsion data, which extend to lower temperatures, 
proved quite satisfactory we chose not to pursue the capil
lary problem.

The accelerating nonlinear downfield chemical shift 
temperature dependence is common to both measurement 
sets and is therefore unambiguously established by these 
measurements. It is notable that it occurs in the same 
temperature region in which the great increases in heat 
capacity and (negative) expansivity magnitudes occur.98

Discussion
First it must be noted that there is probably nothing 

about the remarkable behavior of Cp seen in Figure la 
which cannot be “ explained” by the equally remarkable 
behavior of a shown in Figure lc. If the expansion with 
decreasing temperature were forcibly prevented, allowing 
pressure to increase, then the heat capacity (now Cv) 
would evidently remain approximately constant at 18.0 
cal/mol. This can be shown using the familiar relation

Cv =  Cp -  T V j  (1)

where d is the isothermal compressibility, tabulated to 
—20° by Kell.8 Calculated values of Cv are given in Table 
I and include values obtained using a further hut unreli
able extrapolation of to —40°.

Restriction of volume to some constant value, however, 
only serves to prevent, or at least to restrict, just that fac
tor which makes water so interesting, viz. the increasing 
connectedness at lower temperatures of the hydrogen 
bond network. Furthermore, the entropy problem for su
percooling water1011 which with the new data now be
comes much more urgent, can only be posed for a con
stant-pressure system. Thus, we will restrict our attention 
to constant-pressure behavior and, in later consideration 
of models, will treat the work done against internal pres

sure during any volume-changing excitation as an integral 
part of the energy of that excitation. It should be noted, 
however, that in a constant volume experiment the factors 
responsible for the constant-pressure heat capacity anom
aly will give rise to a pressure-temperature anomaly. Such 
an anomaly should be found, for instance, in an extension 
to lower temperatures of the interesting molecular dynam
ics calculations of Rahman and Stillinger.12 Its presence 
or otherwise should provide an important test of the ade
quacy of the Ben-Naim-Stillinger potential13 to represent 
water-water interactions. Although such calculations be
come more time consuming (and ultimately impractical) 
at lower temperatures where structural equilibration 
times are longer, they do have the great advantage that 
the “ experiment” will not be terminated by an unwanted 
crystallization.

Considering further the constant pressure behavior we 
ask first the significant question, “ What is in store for liq
uid water at lower temperatures if we extract its thermal 
energy at a rate sufficiently high that nuclei of ice are un
able to form and grow?” . The practical possibility of 
achieving such conditions depends on the molecular mo
bility at the homogeneous nucleat.on temperature which, 
in water, has evidently become quite small. These condi
tions are reached quite commonly in the quenching of vis
cous liquids and the result is that glassy solids are pro
duced at temperatures not too far below TH.14 Since vit
reous or at least X-ray amorphous water can be obtained 
by vapor deposition procedures15 and by splat-quenching 
of liquid water,16 we are led to ask whether the glass for
mation event can be predicted from now-available data on 
water, and if so, at what temperature it would occur. 
Arguing both from mass transport data and from our own 
thermodynamic data we shall show that the answers are 
at first sight paradoxical.

Mass transport data on supercooled water are now 
available both from viscosity (to —25°),17 self-diffusion (to 
-31°),18 and proton spin relaxation studies (to —16°)19 
studies. All processes show strongly non-Arrhenius tem
perature dependences (which are also apparent in data 
obtained above 0°). While the departures from Arrhenius 
behavior are themselves not of special interest (being 
common to most classes of liquids m this viscosity range), 
the quantitative aspects of the observed departures are, 
since they normally provide a means of estimating the 
temperature at which the viscosity would rise (or the dif- 
fusivity fall) to values characteristic of the glassy state. 
For most moderately viscous liquids, departures from Ar
rhenius behavior are well accounted for by a modified Ar
rhenius equation, (the so-called VTF equation) for the 
transport property W

W(T)  =  Aw exp[—£ W/(T  -  T„)] (2)

where Aw, Bw, and To are constants. To, according to var
ious authors20̂ 22 sets the theoretical low-temperature 
limit on the possibility of particle diffusion or change of 
liquid structure, and usually falls 20-30 K below the tem
perature Tg at which the glassy state is reached on cool
ing.23

We have analyzed the water transport data using eq 2 
and, significantly, find the fit rather poor. In Table II we 
show the nature of the deviations by giving the least- 
squares best fit value of the key parameter To, according 
to the temperature range of data fitted, for viscous flow 
(j;),17 self-diffusion (D /T ),18 anc dielectric relaxation 
(td), and spin-lattice relaxation (T il19 processes.
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TABLE II

Tra n g e ,°K
To(y),

°K
To(D/T).

°K
T0( t d ), 

°K
T o ll’s).

°K

Oto 70 143“ 145" 145° 138
0 to -  24 179 161 165d
-19  to -31 217

°  D ata from  L. Korson, W. D rost-Hansen, and F. J. M illero, J. Phys. Chem., 73, 34 (1969). b Data cover tem pera ture  range 1 - 
45°. c Data from  C. H. Collie, J. B. Hasted, and D. M. R iston, Proc. Roy. Soc., Ser. A, 60, 145 (1948). a Data cover tem pera ture  range 
O to - 1 6 °  (re f 19).

The progressive increase in To of eq 2 with decreasing 
mean temperature of data fitted, Table II, shows that the 
rate of decrease of the water molecule mobility at low 
temperatures is even more rapid than predicted by the 
VTF equation. The parameters imply that the vitreous 
state would be reached23 at or above 217°K which is not 
far below the homogeneous nucleation temperature of 
—41°. This behavior proves to be consistent with the rate 
at which, according to our thermodynamic data, the cool
ing liquid is losing entropy over this same temperature 
range, and indeed would be predicted by the Adam-Gibbs 
interpretation of eq 2.19

We show the consistency using Figure 3a where the total 
heat capacities of supercooled water and ice are plotted 
against log T so that the area under the heat capacity curve 
for a given phase corresponds to an entropy generated in 
(or lost from) that phase over any chosen temperature in
terval. Permissible extensions to lower temperature of the 
water heat capacity are governed by the third-law require
ment, discussed in more detail elsewhere,10 that the area 
between the supercooled liquid and crystalline solid Cp be
tween 273 and 0°K amount to no more than that repre
senting the entropy of fusion, ASf (since the total entropy of 
a disordered phase at 0°K can never underlie that of the 
stable crystal).

From Figure 3a we find that if the heat capacity of 
water supercooled below -38°24 continues to increase at 
the rate observed between —30 and -38° then all the ex
cess entropy gained on fusion (i.e., ASf, shown as an area 
in Figure 3a) would be lost by 205-210 K (~  -65°). This 
is shown more clearly by Figure 3b in which the calculated 
entropy difference between water and ice, which is ASf at 
273°K, is plotted as a function of decreasing temperature. 
The difference tends to zero as T —*• —65°. At ~  -65°, 
then, assuming the residual entropy of ice due to proton 
disorder would also be present in glassy water, a precipitous 
decrease in the water heat capacity to that of ice would have 
to occur to avoid thermodynamic embarassment. The state 
of the substance at this temperature could be described as 
an “ ideal glass” 10-25 in which structural change, hence 
viscous flow, is proscribed.

This result, although consistent with the observed 
transport behavior, is paradoxical because experimentally 
it is found that vitreous water passes through the glass 
transition (i.e., exhibits a heat capacity increase150-0 and 
a relaxation time of the order of seconds which permits 
crystallization15-16) at a temperature of about —130°.

The observations are not reconciled by supposing, un
realistically, that at —40° Cp reaches its maximum value 
and remains constant thereafter until the entropy of fu- • 
sion is exhausted at -79° (curve 2, Figure 3a).

In order to resolve the paradox it is necessary to sup
pose that not far below -40° supercooling water passes 
through a X-type heat capacity anomaly not unlike that 
due to a ring-chain equilibrium exhibited by liquid sulfur 
at 159°.26-27 This alternative was illustrated by curve 3 of 
Figure 3a. A qualitative theory for such behavior 
based on the cooperative bond lattice model is given 
below. We will consider in a later paper the possible ap
propriateness of a branched-chain connected-ring equi
librium treatment suggested by Gibbs’ polymer approach 
to the water problem,28 and by the empirical similarities 
of liquid sulfur and supercooled water properties in their 
anomalous temperature ranges.

Because viscous liquid transport property temperature 
dependences generally follow changes in configurational 
entropy or enthalpy contents,22 the X transition would 
presumably be accompanied by a sharp drop in viscosity 
and diffusivity temperature dependences which would 
postpone the temperature at which the glass transition oc
curs20 to the experimental value.

It is, of course, possible that the paradox prompting the 
above discussion is only an illusion. Uhlmann’s splat- 
quenched material could conceivably have been micro
crystalline rather than glassy, and the vapor-deposited 
vitreous form of water could have a quite different struc
ture from that toward which supercooling water tends, in 
which case its glass transition temperature would be irrel
evant. However, we and others29 believe that this is not 
the case. Our position is supported by the finding that the 
vitreous water density, 0.93 g cm ' 3 at 84°K,30 which is 
close to the density of ice (0.94 g cm 3), is the density 
which supercooled water would reach at 60° according 
to Zheleznyi’s extrapolation3 of his data in the negative 
expansion range. Curve 1 of Figure 3a shows that an entropy 
extrapolation based on data in the anomalous expansion 
range would also lead one to conclude that the terminal, 
fully bonded glass state should be reached by ~  -60°.

It is to be noted in this connection that the vitreous 
form of SiC>2, which is also produced from a supercooled 
liquid of negative expansion coefficient31 (though a is 
small), has a density which is only 5% less than that of 
the crystalline form, crystobalite. The detailed relation
ship between the ice and SiC>2 polymorphic structures is 
well known. Metastable cubic ice, which is formed when 
vitreous water crystallizes, has the crystobalite structure 
while the more stable hexagonal form of ice has the tri- 
dymite structure. In view of these analogies, and of the 
fact that the vitreous silicas formed by vapor deposition 
and liquid cooling procedures are indistinguishable, it 
would be surprising indeed if the vitreous form of water, 
however produced, were not also of network character. 
The extent to which such networks should be regarded as 
random is, however, currently under vigorous review.32

We note that an alternative explanation of the heat ca
pacity anomaly is provided by Rasmussen and Macken
zie5 in terms of heterophase fluctuation theory. This ap
proach interprets the increased specific heat in terms of a 
progressive release of the enthalpy of fusion by increasing 
concentration and sizes of embryo ice crystals. The para
dox we have discussed is avoided in this approach by the 
requirement that either the nuclei grow to macroscopic 
sizes under nonequilibrium conditions (first-order transi
tion) or that the liquid ultimately becomes 100% embryo 
ice at ~ —63°. This, like the ideal glass, would evidently 
be a state of zero excess entropy but considerable excess 
enthalpy presumably resident in the embryo surface
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layers. The nature and significance of the vitreous waters 
and their ability to crystallize at —130° are not interpret
ed in their treatment.

Cooperative Bonding? It is of interest to consider 
whether it is reasonable or not to view the expansivity and 
heat capacity anomalies as manifestations of the often- 
mentioned cooperative character of the hydrogen bond 
which, as in other order-disorder processes, only becomes 
manifest in the properties when a considerable degree of 
(short-range) order has already been developed.

For this purpose the proton chemical shift data present
ed in Figure 2b are informative. It has been shown by 
Hindman7 that 5, which measures the magnetic shielding 
effectiveness of the average proton electronic environ
ment, can serve as an index of the strength, extent, or lin
earity of hydrogen bonding in water. Figure 2b shows that 
this bonding index, which varies almost linearly with tem
perature above 25c, becomes markedly curvilinear in the 
lower temperature region. Thus it seems probable from 
Figure 2b that the thermodynamic and mass transport 
anomalies can be associated with bonding anomalies. Evi
dently, either the number of bonds formed per degree of 
temperature decrease, or the strength or linearity of each 
bond formed, increases below 25° and increases rapidly 
between -20  and -40°.33 Like the heat capacity anomaly 
this bond-forming anomaly would probably vanish in a 
constant volume experiment.

We find here some support for the “ bond lattice” ap
proach1 to the description of water and its properties.34 A 
one-dimensional representation of the “ bond lattice” with 
nearest neighbor interactions included was compared with 
the Ising model for cooperative processes in a previous 
publication.1 Formally, the “ bond lattice” model is equiv
alent to the Ising model for a system of spins in a large 
and constant external magnetic field; the work of invert
ing an atomic spin against the external field is the equiva
lent of the bond-breaking energy, while the spin-spin in
teraction of the Ising model corresponds to the bond-bond 
interaction of the bond lattice model.

One important point of distinction is that in the bond 
lattice a large volume change is intrinsic to the elementa
ry excitation. In this case the problem under consideration 
is changed or at least complicated, if one compares model 
predictions with the experimental constant volume prop
erties of the system as is usually considered appropriate. 
At constant volume the excitations can only occur by 
“ borrowing” volume from the lattice, in effect by impos
ing an elastic tension or compression on it (depending on 
the sign of the volume change on excitation). In fact, 
under true constant configurational volume conditions the 
excitations would be completely repressed. This effect is 
seen in the great reduction under constant volume condi
tions of the magnitude of the A-type heat capacity anoma
ly in well-studied cases such as NH4C1.35 Such constant 
volume quelching of the anomaly will be more effective 
the larger the volume of excitation; hence the effective 
disappearance of the anomaly in the case of water under 
constant volume conditions (Figure lb) is not surprising. 
We feel that to remain in contact with the problem of in
terest in such cases, one must focus attention on the con
stant-pressure heat capacity of the system at zero external 
pressure. This is probably particularly true in the case of 
water where the presence of the cooperative effect may 
depend on, if not originate in, the geometrical aspects of 
progressive buildup of the expanded tetrahedral network 
with decreasing temperature.

T /K

T/K

Figure 3. (a) Heat capacities of water and ice as a function of 
log T, showing relation between entropy of fusion (5.213 cal 
m ol-1 deg-1 ) and thermodynamically admlssable extensions to 
lower temperature of liquid water heat capacity, (b) Difference 
in total entropies of water and ice as a function of temperature 
below the equilibrium melting point.

The case of disordering processes accompanied by large 
volume changes has been treated in a rather general way 
by the “ Compressible Ising Model” of Garland and Re- 
nard,36 in which the changes in volume are related directly 
to the changes in Ising configurational energy. This model, 
which has successfully described the constant pressure 
behavior of NH4C1 in its anomalous region, predicts insta
bility very close to Tc but otherwise leaves the form of the 
heat capacity anomaly (though of course not its magnitude) 
intact.

The extreme cases for the constant-volume heat capac
ity-temperature relation for the three-dimensional Ising 
model are known, and are illustrated in Figure 4. Curve 1, 
which is a Shottky-type heat capacity, is obtained when 
the external field opposing spin inversion is very large 
compared with the spin-spin interaction term. In this 
case, there is no cooperative phenomenon. It corresponds 
to the noncooperative (zeroth order) case of the constant- 
pressure bond lattice model but is not of great interest in 
ferromagnet statistical mechanics. If the spin-spin inter-
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Figure 4. Representation of heat capacity vs. temperature rela
tions for cooperative bond lattice model for three cases of rela
tions between bond energy and bond-bond interaction energy 
magnitudes: (1) Shottky type anomaly for bond energy domi
nant; (2) physically unmeaningful case in which interaction 
energy is dominant (analogous to ferromagnet in zero external 
field); (3) intermediate case suggested as representative of in
teractions in water (cl. Figure 3a, curve 3).

action term which further opposes the spin inversion 
against the field is made large compared with the same 
external field term, the heat capacity-temperature rela
tion for the system will convert to the X form with the 
“ spike” at a higher temperature, as shown in curve 2, Fig
ure 4. This extreme has no physical meaning in the bond 
lattice context. An intermediate case can be envisaged in 
which a moderate spin-spin interaction helps oppose the 
inversion against an external field, or, in the water case, a 
moderate cooperative terms adds strength to the “ on” or 
intact bond hence opposes its rupture. For this case, the 
heat capacity behavior should be intermediate in charac
ter, and is represented by curve 3 in Figure 4. Curve 3, 
which is an intuitively reasonable but not theoretically 
calculated form, has much in common with the configura
tional heat capacity of water approximated by (Cp (liq
uid) — Cp(ice)) which we found necessary to resolve the 
entropy paradox (Figure 3a).

The cooperative bond lattice therefore appears to pro
vide one model framework within which the description of 
the total liquid water anomaly can be approached. We 
note that the ordering which is occurring as the X point is 
approached is an ordering of “ on” and “ o f f ’ bonds. Thus 
in this model clustering of hydrogen bonds follows natu
rally from the assumed nature of the water-water interac
tions. This seems preferable to the previous introduction 
by fiat of water molecule clusters as a first step in the de
velopment of theories for water properties.37 The present 
results suggest that the clustering tendency consequent on 
cooperative interactions only leads to important depar
tures from random statistics at temperatures near and 
below the melting point.

Finally, we will make brief further comments on the 
sulfur analogy, a matter which will be taken up in more 
detail in a future paper in which the effects of structure 
breaking components on the behavior of each liquid will 
be examined. If we ask what structural form the clus
tering of bonds might take, we conclude that a conspicu
ous and thermodynamically significant feature would be 
the presence of closed rings of hydrogen bonds, the linking 
of which would become more extensive the lower the tem
perature. However, as Gibbs, et al. , 28 point out in their 
attempt to interpret the existence of a crystal ;=? liquid 
phase transition for water, closed rings are entropy-poor 
structures. Thus with increasing temperature such rings,

which would characterise the structure of vitreous as well 
as crystalline ice, will degrade to chain structures. A more 
specifically structural approach to the water anomaly 
might therefore be taken through an extension of the 
quantitatively successful Eisenberg-Tobolsky ring ; ' chain 
polymerization theory for the liquid sulfur anomaly.27 It is 
worth noting that the Eisenberg-Tobolsky theory leads to 
X-like transition only if AH3 is positive,276 i.e., if a ring
S-S bond is stronger than a chain S-S bond. This is the 
equivalent of the del Bene-Pople result for water molecule 
clusters which showed an energetic advantage for cyclic 
structures.38-39 In the sulfur case, however, the expansivity 
anomaly is relatively weak, and Cv ~ Cp. This contrasts 
with the water phenomenon in which structural factors, 
specifically the “ tetrahedrality,” would appear dominant. 
Supercooled liquid germanium may, for this reason, behave 
analogously.

Concluding Remarks
Although water is generally considered remarkable in 

its behavior in the stable liquid region, it becomes much 
more unusual at lower temperatures. Our heat capacity 
measurements and deductions based thereon suggest, 
however, that its most surprising aspect—a liquid state 
damped X transition—remains to be observed, being hid
den at the moment behind a screen imposed by the homo
geneous crystal nucleation phenomenon. Direct observa
tion of this previously unsuspected transition will require 
the development of micro- or nanosecond calorimetry 
techniques currently not available. In the meantime, it is 
at least very important that the splat-quenching experi
ment by which the glassy state of water can evidently be 
reached from the liquid14 be repeated and refined, and 
that other methods of bypassing crystallization during liq
uid cooling be developed.

It is hoped in the near future to use emulsion tech
niques to obtain accurate sound velocity and attenuation 
measurements on supercooled water from which 
compressibility and viscosity temperature dependences 
will be estimable. Ir spectral studies to —38° of overtone 
bands in the 1- 1.5-g region have also been shown feasible.
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The reduction of p-benzoquinone by alkali metal in hexamethylphosphoramide (HMPA) leads to the for
mation of the “ free” anion radical only. However, the addition of an alkali metal iodide or chlorate salt 
leads to the formation of ion pairs, which can be seen simultaneously with the “ free” ion by esr. The 
thermodynamic parameters controlling the ion pair dissociation were determined, and the negative 
values for the entropy and enthalpy are compared with those for similar ions in other solvents. For the 
potassium salt at high temperatures three ions can be observed simultaneously in solution: the “ free” 
ion, the contact ion pair, and the solvent-separated ion pair. At very high concentrations of added salt, a 
rapid cation exchange is observed between the ion pair and the solvent.

Esr spectroscopy has proven itself to be the most power
ful tool for investigating the nature of ion pairs in solution 
and has been used by several workers to investigate the 
thermodynamics of dissociation of these ion pairs. There 
have been two basic esr techniques used to obtain these 
parameters. When the rate of ion pair formation and dis
sociation is fast on the esr time scale, the esr coupling 
constants observed are those of a time-averaged species. If 
the coupling constant for the contact ion pair and that for 
the solvent-separated ion pair (or free ion) can be accu
rately estimated, time-averaging equations can be ap
plied, and the equiliorium constant for the ion pair disso
ciation to form free ion (eq 1) or to form the solvent-sepa
rated ion pair (eq 2) can be determined. This type of in-

7r  M 1 7t * +  M+ (1)

7T‘ M* ^  7 T ~  M+ (2)

vestigation into ion pairing thermodynamics has been em
ployed by Hirota in his work with naphthalenide and an- 
thracenide ions.1 The fact that this technique has some 
inherent errors has been pointed out by Szwarc, et al.2 
The use of time-averaging equations has not yet been em
ployed for the ion pair dissociation to form the free ion. 
However, they have been used to study hydrogen-bonded 
anion radical dissociation to form the free ion.3

The second technique is based upon the simultaneous 
observation of the ion pair and the free ion. For this situa
tion. the esr signal for the two species are observed to
gether, and by simply utilizing the fact that the esr signal 
intensity is proportional to the respective spin concentra
tion, one can obtain thermodynamic parameters for the 
ion pair dissociation. This technique has recently been 
utilized for studying ion pair dissociation of the salts gen
erated from durosemiquinone,4 nitrobenzene,5 and substi
tuted nitrobenzenes.0 For the thermodynamic parameters 
determined in this manner AH° can be determined with 
greater accuracy than AG° or AS0. This is due to the fact 
that either the alkali metal cation concentration or the 
total spin concentration must be determined. This latter 
term can be determined with the use of a spin concentra
tion standard.4 Even with the errors involved in the deter
mination of the total spin concentration (about 50%), this

technique appears to be superior to the use of time-aver
aging equations.

Hexamethylphosphoramide (HMPA) is one of the most 
powerful solvents for alkali metal cations known.7 How
ever, in a recent review by Normant, it has been revealed 
that anion radicals are practically unsolvated in this sol
vent due to steric hindrance around the phosphorus cen
ter.8 These facts make HMPA particularly useful in the 
study of ion pair dissociation, since the heat of solution of 
the “ free” ion plus the cation consists essentially of the 
heat of solution of the cation only. This makes the 
thermodynamic parameters of ion pair dissociation a 
function of the solvation of the ion pair and cation only.

HMPA is also particularly suited to the experimental 
determination of ion pair dissociation thermodynamics, 
since rates of electron transfer2-9 and of ion pair formation 
and dissociation10 are slower in this solvent than in the 
ethereal solvents. The slow kinetics of electron transfer 
and of ion pairing is most probably related to the high vis
cosity of HMPA.

Here we wish to describe the application of the method 
of simultaneous observation in HMPA coupled with a 
more accurate estimate of the cation concentration to 
probe the nature of ion pairing in the p-benzoquinone 
anion radical systems.

Experimental Section
The esr spectrometer system, the method of reduction 

of the neutral molecule to form the anion radical, and the 
method of purification of the HMPA have been previously 
described.10

The double integrations of the esr lines were accom
plished by digitizing the spectra coupled with a numeri
cal integration carried out by computer.

The equilibrium constants reported are the result of an 
average and standard deviation taken from at least eight 
different samples with different concentrations of added 
salt, alkali metal, and benzoquinone. The enthalpies were 
taken from the slopes of modified van’t Hoff plots. The 
error in the slope of a single plot is smaller than the error 
obtained by comparing the individual plots to each other. 
Therefore, the errors reported represent the standard de-
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M K

Figure 1. Esr spectrum  of p-benzoquinone reduced by K in 
HMPA at room tem perature. The two radicals are shown super
imposed. The arrows indicate the firs t three lines of the ion pair.

I (VJ/RT

TABLE I: Thermodynamic Parameters Controlling the 
Solvent-Separated Ion Pair Dissociation of the 
p-Benzoquinone Anion Salt with the Cations

Figure 2. Modified van’t Hoff plot for the system p-benzoqui 
none-H M P A -K  with added K l, A , and p-benzoquinone-HM PA- 
Na, O.

AG°, A H°, AS°, Keq X
Cation kca l/m ol kca l/m ol eu 102

Na+ 1.1 ± 0 .2  - 1 .0 5  ± 0 .0 8  - 7 . 3  15 ±  6
K+ 2.0 ± 0 .1  - 3 .6 8  ±  0.09 - 1 9  3.6 ±  0.7

viation in the enthalpy from the different plots. A single 
plot was taken for each sample.

Results and Discussion
Solutions (10- 2 to 10- 4 M) of p-benzoquinone in 

HMPA will dissolve small amounts of alkali metal to form 
the free anion radical, which exhibits a five-line esr spec
trum resulting from four equivalent protons (aH = 2.42 
G).

For the potassium reductions, an addition of a small 
amount of potassium iodide or potassium chlorate 
(0.001-0.04 M) to the HMPA semiquinone solution results 
in the appearance of a second radical characterized by a 
triplet of 1.74 G due to two equivalent protons, a triplet of
2.30 G due to two equivalent protons, and a quartet of
0.30 G due to the splitting from a 39K nucleus, Figure 1. 
The new radical is an ion pair of the semiquinone and has 
been previously characterized.11 Based upon the relatively 
small aK and the evidence developed below, the ion pair 
will be assigned to be a solvent-separated ion pair. This 
solvent-separated ion pair can dissociate to form the free 
ion as shown in eq 3, where SQ-~ represents the semiqui
none.

K+!!SQ~ SQ~ ± K+ (3)

and
K eq =  [SQ-~][K+] /[K + HSQ-"~] (4)

Since the first three lines of the ion pair and the first 
line of the “ free” ion are essentially uncomplicated Keq 
can be expressed by eq 5, where / ( SQ-") and

=  i(SQ-- )[K+] /4 / (K +||SQ-_ ) (5)
I(K+||SQ-~) represent the intensities of the first line of 
the free ion and the first line of the ion pair, respectively. 
The factor 4 in the denominator appears because each line

of the ion pair only represents one fourth of the spin con
centration that is represented by an esr line of the free 
ion. To utilize eq 5, the K + concentration was taken to be 
equal to the concentration of added salt. This assumption 
is valid since for each sample the concentration of added 
KI or KCIO3 was much larger than the total spin concen
tration. It has been recently observed that salts of this 
type are fully dissociated in HMPA, thus the possibility of 
ion pairing between the cation and anion of the added salt 
was overlooked.

Assuming a Lorentzian line shape for the esr line the 
intensities can be taken from the line height times the 
square of the extrema to extrema line width (hAw2). 
Values for Keq calculated in this manner are larger by 
40% than those calculated from the double integration. 
This is due to the fact that the first four lines of the ion 
pair are close together, and the wings of these lines are 
cut off by the neighboring esr lines. This results in a low 
value for the calculated intensities of the lines due to the 
ion pair and thus a value for Keq that is too large. For this 
reason, the values reported in Table I were calculated 
from the use of I = hAw2.

Since [K+] »  [SQ-~], AH° was taken from a modified 
van’t Hoff plot of In /(SQ -- ) / / ( K+1 |SQ--) vs. 1/RT. 
These plots are linear (Figure 2), and the resulting 
thermodynamic parameters are given in Table I. The 
thermodynamic parameters did not vary with the choice 
of the added potassium or sodium salt.

The same experimental procedure was carried out for 
the sodium reductions. The added salts were Nal and 
NaClOs. Again the experimental results were independent 
of the choice of added salt. The coupling constants for the 
sodium ion pair are 1.74 (two protons), 3.68 (two protons), 
and 0.29 G (sodium-23 nucleus).

The ion pair dissociation is expected to be controlled by 
more negative entropy and enthalpy terms in solvents 
that have more affinity for the cation that is formed. 
However, the entropy and enthalpy of dissociation of the 
durosemiquinone ion pair with sodium and potassium in 
dimethoxyethane are more negative than those reported 
here in HMPA.4 This is due to the fact that the thermo
dynamic parameters reported here are those for the disso-
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Figure 3. Esr spectrum  of the system p-benzoquInone-H M P A-K  
with added Kl at 45°. Only the firs t few lines of the ion pairs 
and the firs t line of the free ion are shown. The arrows indicate 
the firs t two lines of the tight ion pair.

Figure 4. Esr spectrum  of the system p -benzoqu inone-H M P A -K  
in a saturated solution of K l.

ciation of a solvent-separated ion pair, and the HMPA is 
involved in considerable solvation of this ion pair.

At low temperatures the esr pattern for the potassium 
reduction is basically the same as that for the sodium re
duction. However, above 45° a second ion pair appears for 
the potassium systems, Figure 3. This new ion pair yields 
a metal splitting of 0.45 G, in comparison to the 0.30 G for 
the solvent-separated ion pair. The fact that the metal 
splitting for the new ion pair is larger than that for the ion 
pair observed at lower temperatures indicates that it is a 
tight ion pair (K + SQ-~). Further, since the concentration 
of the tight ion pair increases with increasing tempera
ture, the enthalpy for its dissociation into the solvent-sep
arated ion pair is negative. Equation 6 accounts for the 
results.

K+SQ~ K+IISQ~ i t  K+ + SQ~ (6)

This represents the first report of the simultaneous ob
servation of two different ion pairs both exhibiting metal 
splitting. However, three species, two ion pairs and a free 
ion. have been simultaneously observed for some nitro- 
samine anion radicals in tetrahydrofuran.12 In all other 
reports of two different ion pairs in equilibrium, only the 
time-averaged spectrum could be observed.

When p-benzoquinone is reduced in a saturated HMPA 
solution of Kl, a solution results that exhibits only five esr 
lines, but the pattern is unsymmetric with respect to the 
line widths. The line widths increase with increasing mag
netic field, Figure 4. This spectrum is obviously due to 
two different anion radicals in solution with slightly dif
ferent coupling constants and g values. If the radical with 
the smaller g  value also possess the smaller coupling con
stant, then the differences in the positions of the esr lines 
for the two radicals will decrease with the magnetic field. 
A similar effect was observed for the nitrosamine anion 
radicals in etheral solvents.13 The two radicals observed 
in the saturated solution are the free ion and ion pair. The 
ion pair, of course, has the lower g value and coupling 
constant. The fact that the ion pair does not exhibit metal 
splitting and all of the four protons are equivalent is prob

ably due to the fact that there is a rapid exchange of the 
cation between the ion pair and the saturated solvent, eq 
7.

0 — K+
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The hydrogen bonding of phenol, catechol, guaiacol, and pyrogallol in diethyl ether-carbon tetrachloride 
solutions was studied over the temperature range 20-50° by monitoring the hydroxyl stretching frequency 
at about 3 pi. The intramolecular hydrogen bond in guaiacol was not disrupted by association with diethyl 
ether. Equilibrium constants and enthalpy and entropy changes for the other systems were calculated. 
The intramolecular bond in catechol and pyrogallol is disrupted and both compounds form complexes 
containing one and two ether molecules. The frequency shift, enthalpy change, and equilibrium constant 
for the formation of the monoether complex with catechol and pyrogallol are larger than the correspond
ing properties for the phenol complex and reflect the influence of the intramolecular hydrogen bond on 
intermolecular hydro gen bonding.

Introduction
The study of the influence of the intramolecular hydro

gen bond on hydrogen bonded properties has been largely 
limited to effects on ionization constants. Various investi
gators1-2 have reported abnormally large first ionization 
constants and abnormally small second ionization con
stants for dibasic acids which have intramolecular hydro
gen bonding capability. If the intramolecular bond in such 
compounds as catechol and pyrogallol acts to increase the 
first ionization constant, the increased acidity of the hy
drogen of the free hydroxyl group should be reflected in 
the thermodynamics of the intermolecular association of 
this hydroxyl with diethyl ether. A comparison of the 
thermodynamics of the phenol-ether complex with those 
of the catechol and pyrogallol ether complexes will thus 
allow a determination of the extent of the influence of the 
intramolecular bond on intermolecular hydrogen bonding.

Three studies of the hydrogen bonding between phenol 
and diethyl ether in carbon tetrachloride solvent have 
been reported. Gramstad3 determined the equilibrium 
constant for the phenol-diethyl ether complex to be 9.6 at 
20° and 4.5 at 50°. The enthalpy change was found to be 
—4.75 kcal mol-1 . Powell and West4 found the equilibri
um constant for this system to be 8.83 at 25° and found 
AH  to be -5.41 kcal mol-1 . Bellamy, et al. , 5 report the 
phenol-diethyl ether equilibrium constant as 6.0 at 29°. 
No studies of the bonding of catechol (o-hydroxyphenol), 
guaiacol (o-methoxyphenol), or pyrogallol (1,2,3-trihy- 
droxybenzene) to diethyl ether have been reported. Be
cause these compounds have intramolecular hydrogen 
bonding capabilities, a study of their complex formation 
with diethyl ether may provide a determination of the in
fluence of the intramolecular bond on intermolecular hy
drogen bonding.

Experimental Section
Baker analyzed spectrophotometric quality carbon tet

rachloride was fractionally distilled under a dry nitrogen 
atmosphere through a 3-ft column packed with glass heli
ces. Refractive index and boiling point were used as purity 
criteria. Baker analyzed reagent grade phenol and Baker 
practical grade guaiacol were fractionally distilled in a

3-ft spinning band column under reduced pressure. The 
middle cuts of the distillate were taken. Baker reagent 
grade catechol and Baker analyzed reagent grade pyro
gallol were both purified by sublimation under reduced 
pressure. Baker analyzed reagent grade anhydrous diethyl 
ether was used without further purification. All reagents 
were stored in a dry nitrogen atmosphere. Solutions were 
prepared under anhydrous conditions.

Spectra were recorded by the Beckman DK-2A record
ing spectrophotometer using 1-cm Teflon stoppered cells.

A mixture of diethyl ether and carbon tetrachloride was 
used in the reference beam. Concentrations were about 
0.002 M  for phenol and catechol, 0.0005 M  for pyrogallol, 
and 0.004 M  for guaiacol. The ether concentration was 0.1 
M  for the phenol, catechol, and guaiacol systems. If ether 
concentrations in excess of 0.04 M  were used for the pyro
gallol system, the absorbance of the free hydroxyl was too 
low for accurate measurements due primarily to the limit
ed solubility of pyrogallol. Thus the ether concentrations 
ranged from 0.03 to 0.04 M  for pyrogallol studies. A Beck
man temperature regulator in combination with a water 
bath was used to control the temperature to within ±0.5°. 
Corrections for the change in concentration with tempera
ture were made by using the pycnometrically determined 
densities of ether-carbon tetrachloride mixtures over the 
temperature range of this work.

The molar absorptivities of phenol, catechol, and guaia
col in carbon tetrachloride were determined as a function 
of temperature and are in excellent agreement with those 
previously reported.6 The molar absorptivity of pyrogallol 
as a function of temperature is given in Table I.

The concentration of free phenol in the phenol-ether 
equilibrium mixture was found by use of Beer’s law and 
the molar absorptivity at the temperature of interest. The 
complex concentration was found by subtracting the free 
phenol concentration from the initial phenol concentra
tion. The methods of calculation for the catechol and 
pyrogallol systems are more complicated and are dealt 
with in a later section. A small correction due to overlap 
of the intramolecular bonded absorbance band with the 
free hydroxyl absorbance band was made for the catechol 
and pyrogallol systems by resolving the bands by symmet-
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TABLE I: Temperature Dependence of the Molar Absorptivity 
of Pyrogallol

T, °C U a
20 205 412
30 196 410
40 194 407
50 187 405

“  Molar absorptivity of the tree hydroxyl group at 3611 cm 1. * Molar 
absorptivity of the bonded hydroxyl groups at 3569 cm -1 .

ric reflection about their centers. The equilibrium con
stants reported in Table II for pyrogallol and catechol are 
the average of a minimum of six determinations at each 
temperature.

Ternary systems such as those used in this investigation 
may offer experimental difficulties when an automatically 
operated slit is used.7 In order to compensate for the di
ethyl ether present in the ternary solutions, the slit may 
open to a greater extent than when no ether is present. 
This opening leads to a decrease in the absorbance maxi
mum and thus, since the molar absorptivities were deter
mined in the absence of diethyl ether, may lead to errors 
in the determination of the concentration of the nonhy
drogen bonded species in the equilibrium mixture. In this 
work it was found that at the diethyl ether concentrations 
used, the slit width was not seriously affected. Spectral 
studies of guaiacol shewed that the intramolecular bond was 
not disrupted by association with diethyl ether. The molar 
absorptivity of guaiacol was found to be the same at all 
temperatures in the presence and in the absence of the 
base, verifying that no serious change in slit width oc
curred due to the presence of the ether. In addition, the 
excellent agreement found for the phenol-diethyl ether 
complex properties with those previously reported3-5 indi
cates that no difficulties with changing slit width were en
countered.

Results and Discussion
The thermodynamic properties and frequency shifts for 

the complexes formed with the various phenols and di
ethyl ether are given in Table II and Table III, respective
ly. The standard enthalpy change was found from a plot 
of log K vs. T 1 and the entropy change was calculated 
from A G° = AH° -  T\S°.

Spectra of solutions of catechol in carbon tetrachloride 
show two absorbance peaks, the higher frequency peak at 
3611 cm-1 corresponds to absorption by the free hydroxyl 
group and the lower frequency peak at 3565 cm-1 is due 
to absorption by the intramolecularly hydrogen bonded 
hydroxyl. That catechol undergoes no cis-trans equilibri
um similar to that observed in the o-halophenols is evi
dent from the behavior of the molar absorptivities with 
temperature.6 In the presence of 0.1 M  ether the absorb
ance of both peaks decreases and a third absorbance max
imum at 3266 cm-1 is found. The decrease of the absorb
ance maximum at 3565 cm-1 implies that the intramolec
ularly bonded hydroxyl in catechol participates in the 
complex formation. The complex formation between cate
chol and ether was thus considered to occur in stepwise 
fashion according to eq 1 and 2

III (2)
The absorbance at the higher frequency peak due to the 
free hydroxyl is

Af if Cj (3)
where d  is the molar absorptivity of the free hydroxyl and 
Ci is the free catechol concentration in the equilibrium 
mixture. The absorbance at the bonded frequency (3565 
cm _ 1 ) A b is given by

A\, =  ii,C, +  ehC„ (4)
where eb is the molar absorptivity of the intramolecular 
bond, assumed to be the same for catechol and the cate
chol-ether complex, and Cu is the concentration of the 
catechol-ether complex of eq 1. Equations 3 and 4 may be

TABLE II: Thermodynamic Functions tor the Hydrogen Bonding of Phenols to Diethyl Ether

T. °c K, k2 K i 2
AH°,a 

kcal mol- 1
AS°, cal 

deg - 1 mol -  1 v, cm 1

Phenol 20 9.6
30 7.3 A H  =  - 5 .3  ±  0.2 t> Co II 1 •t». 3610
40 5.2
50 4.3

Catechol 20 12.0 7.6 85
30 7.9 9.5 70 A H , =  - 8 .0  ±  0.3 AS , =  - 2 2
40 5.1 13 61 A H2 =  + 4 .7  ±  0.2 A S 2 =  + 2 0 3611
50 3.3 16 47 A H ,2 =  - 3 .3 A S ,2 =  - 2 (3565)*

Pyrogallol 20 27 25 6.8 X 102
30 16 29 4.6 X 102 A H , =  -7 .1  ±  0.8 A S , =  - 1 8
40 11 38 4.2 X 102 A H 2 =  +3.1 ±  0.5 A S 2 =  + 17 3611
50 8.6 40 3.4 X 102

0
 

•+1IIC\J
I

AS,2 =  - 1 (3569)0
Guaiacol (3567)0

“  The precision reported was obtained from the error in the least-squares slope of a plot of log K vs. T~ \  6 Absorption frequency of the intramolecular 
bond.
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TABLE III: Frequency Shifts for the Hydroxybenzene Ether 
Complexes Compared to p/Ca1

At/,0 
cm - 1 pKai

Hydroquinone 254 9.916
Phenol 276 9.952,c 9.90d

Resorcinol 285 9.15»
Phloroglucinol 269 8.45ft
Catechol 345 9.13"
Pyrogallol 340 9 .0 2 b

1  The frequency shift is the difference between the free hydroxyl ab
sorbance and that of the complex in CCL solution. 6 G. Kortum, W. Vogel, 
and K. Andrussow, "D issociation Constants of Organic Acids in Aqueous 
Solution," Butterworths, _ondon, 1961. T = 30°. c D. T. Y. Chen and K. J. 
Ladler. Trans. Faraday Soc., 58. 480 (1962). T = 30°. a E. H. Binns, 
Trans. Faraday Soc.. 55, 1900 (1959). T = 30°.

solved for Ci and Cn. The concentration of the diether 
complex may then be found by subtracting the sum of Ci 
+ Cn from the initial catechol concentration.

The first stepwise formation constant, Klt is slightly 
larger than the equilibrium constant for the phenol-ether 
complex and the frequency shift and enthalpy change are 
considerably larger. These differences may be correlated 
with the difference between the first ionization constant 
of catechol (7.5 X 10-10) and that of phenol (1.2 X 1()-10). 
These ionization constants, as well as others reported in 
this work, were determined from measurements on aque
ous solutions and thus may be misleading when applied to 
situations where a nonaqueous environment exists.

In order to determine if the increase in acidity produced 
by nonintramolecularly hydrogen bonded hydroxyl groups 
would be sufficient to account for the observed differences 
between the catechol and phenol ether complexes, fre
quency shifts for resorcinol and hydroquinone complexes 
with ether were determined in carbon tetrachloride and 
are recorded in Table III. The frequency shifts for these 
complexes are close to that found for the phenol-ether 
complex and imply that the hydrogen bond enthalpies for 
these systems are similar. The differences in frequency 
shift and hydrogen bond enthalpy for the phenol-ether 
and catechol-ether complexes may be attributed only in a 
small part to a second hydroxyl group and largely to the 
intramolecular hydrogen bond. The smaller differences in 
equilibrium constants are due to the relatively large en
tropy change for the catechol complex with ether.

The second stepwise formation constant, K2, for the 
catechol-ether complex is smaller than Ky and increases 
with temperature corresponding to an endothermic pro
cess. A positive enthalpy change of the magnitude found 
for step 2 is unusual although Fishman and Chen8 and 
Busfield, Ennis, and McEwen9 have reported small posi
tive enthalpies for the formation of the intramolecular 
bond in butanediols. The energy required to disrupt the 
intramolecular bond in catechol must be partially respon
sible for the endothermic character of the reaction given 
by eq 2. A positive AS is also found for this reaction 
which indicates that the catechol-ether complex must be 
loosely bound and that considerable disruption of the sol
vent structure must occur.

The overall equilibrium constant, Ky2. is the product of 
Ky and K 2 and corresponds to the reaction given by the 
sum of eq 1 and 2; 1 H12 and AS12 reported in Table II are 
similarilv defined.

The molar absorptivities for pyrogallol are given in 
Table I and show the relative effects of temperature on

the free and bonded hydroxyl absorptivities. It has com
monly been assumed that the molar absorptivities of free 
and intramolecularlv bonded hydroxyl groups are the 
same.9-10 While this may be a reasonable assumption over 
a small temperature interval, the assumption becomes 
less acceptable as the temperature interval is increased 
due to the difference in the temperature dependence of 
the molar absorptivities of the free and bonded hydroxyls. 
Finch and Lippincott11 have interpreted the temperature 
dependence of the molar absorptivity as being due to a 
change in the hydrogen bonded distance with tempera
ture. According to this interpretation, the smaller temper
ature dependence of the intramolecular molar absorptivity 
would result from the rigid geometry of the intramolecular 
bond which allows relatively little bond length change 
with temperature.

The molar absorptivities of the free and bonded hydrox
yls of catechol show similar trends with temperature6 to 
those for pyrogallol and the change in molar absorptivity 
of guaiacol with temperature6 parallels the trends found 
for the intramolecular bonds of catechol and pyrogallol. A 
comparison of the molar absorptivities of the free and 
bonded peaks of pyrogallol and catechol6 indicates that 
the ratio of bonded to free hydroxyl groups in pyrogallol is 
twice as great as in catechol. The temperature depen
dence of the free hydroxyl molar absorptivity of pyrogallol 
so closely parallels that of phenol and catechol and the 
temperature dependence of the molar absorptivity of the 
bonded peak so closely parallels that of catechol and guai
acol, that no cis-trans equilibrium seems likely. Thus 
pyrogallol in carbon tetrachloride solution exists in the 
conformation of species IV of eq 5.

The molar absorptivity of the intramolecularly bonded 
peak of pyrogallol was found to decrease to about two- 
thirds its value in carbon tetrachloride solution in the 
presence of 0.04 M  diethyl ether indicating that the intra
molecular bond was disrupted by association with the 
ether. The bonding of diethyl ether to pyrogallol was also 
considered in stepwise fashion.

VI

The overall equilibrium constant is defined as Ky2, and 
refers to the reaction given by the sum of eq 5 and 6. A 
complex species containing three ether molecules per 
pyrogallol molecule was considered negligible at the ether 
concentrations used.

For the equilibrium species given by eq 5 and 6 the ab
sorbance, Af, at the free hydroxyl peak is
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A f efCIV (7)
where ef is the molar absorptivity of the free hydroxyl of 
pyrogallol and Civ is the free pyrogallol concentration. 
The absorbance, A*,, at the intramolecularly bonded peak 
is

= fbCiv +  +  /4fhCvi (8)
where eb is the molar absorptivity given in Table I and Cv 
and Cvi are the equilibrium concentrations of the species 
so labeled in eq 6. It has been assumed that the molar ab
sorptivity of the single intramolecular bond in species VI 
is one-half that given in Table I. The assumption is rea
sonable because the molar absorptivities for the intramo
lecular bond of catechol and guaiacol have been shown to 
be nearly the same6 and are approximately equal to one- 
half the value of the molar absorptivity of the two intra
molecular bonds in pyrogallol.

Rearrangement of (8) together with the condition C = 
Civ + Cv + Cyi, where C is the initial pyrogallol concen
tration gives

A h =  tb(C — CVI) +  /2tbClv (9)
Thus Cvi is calculated directly from the absorbance at the 
intramolecularly bonded peak, the initial concentration, 
and the molar absorptivities given in Table I. Equation 7 
gives Civ directly from the absorbance at the free peak 
and the molar absorptivity, and Cv is found by difference.

The first stepwise formation constant, Klt for the pyro- 
gallol-ether complex is about twice as large as that for the 
catechol-ether complex at all temperatures and nearly 
three times as large as that for the phenol-ether complex. 
The frequency shifts for the catechol and pyrogallol sys
tems are about the same and within experimental error 
the enthalpy changes are comparable. The frequency shift 
and AH1 are considerably larger for the pyrogallol com
plex than for the phenol complex. A comparison of the 
frequency shifts given in Table III shows that catechol and 
pyrogallol complexes have much larger frequency shifts 
than the complexes formed with those compounds in 
which no intramolecular hydrogen bond exists. The fre
quency shift found for phloroglucinol (1,3,5-trihydroxy- 
benzene) in 1 M  diethyl ether is 269 cm 1 as compared to 
340 cm-1 for pyrogallol. The increase in frequency shift 
and AH\ for pyrogallol over that of phenol must be attrib
uted to the influence of intramolecular hydrogen bonding.

The second stepwise formation constant, K 2, for the 
pyrogallol-ether complex is about equal to K\ at 20° and 
increases with increasing temperature. Thus the process 
corresponding to eq 6 is endothermic, similar to the 
equivalent process for the addition of a second ether mole
cule to catechol. The entropy change for this step is also 
positive, probably for the same reasons advanced for the 
corresponding step for catechol. The quantities AH12 and

ASj2 are defined analogously to those for the catechol sys
tem. If the assumption is made that a fourth pyrogallol 
species containing three ether molecules is formed, K i 
must be larger than those given in Table II if the experi
mental data are to be satisfied. The relationship between 
K-i and K 2 is such that the maximum value for K \ at 20° 
is 38 if K 2 is to be greater than zero. K 2 decreases rapidly 
with increasing K \ and if the relationship between Ky and 
K 2 for the pyrogallol complex is approximately the same 
as that between Ky and K 2 for the catchol complex, a 
value much greater than 30 for Ky does not seem likely. It 
thus appears that neglect of this pyrogallol complex will 
not seriously affect the conclusions of this work.

A single absorption peak at 3567 cm” 1 was found for so
lutions of guaiacol in carbon tetrachloride indicating that 
the cis form of this phenol is preferred in this solvent. 
Likewise only a single absorption peak is observed in 0.1 
M  ether solution. No change in the molar absorptivity ex
cept that due to the temperature dependence was found 
in the presence of 0.1 M  diethyl ether. Ether concentra
tions in excess of 0.2 M  likewise did not cause disruption 
of the intramolecular bond. Tetrahydrofuran, a stronger 
proton acceptor than diethyl ether, was also found not to 
cause disruption of the intra bond. On the basis of the en
tropy and enthalpy changes found for the reactions of eq 2 
and 6, both AH and AS would be expected to be positive 
for the formation of a guaiacol-ether complex. The posi
tive entropy change would favor the formation of the com
plex while the enthalpy change, probably positive due to 
the energy required to break the intramolecular bond, is 
unfavorable. Because no complex formation between guai
acol and ether is observed the enthalpy change must over
shadow the entropy change to such an extent that the 
equilibrium constant is too small to allow observation of 
the complex by spectroscopic methods.
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Effect of Chain Length on Heats of Mixing in Tri-n-alkylamine-Benzene Systems13

A. S. K ertes *1b and F. Grauer

Institute of Chemistry, The Hebrew University, Jerusalem, Israel {Received July 12, 1973)

Excess enthalpies of mixing normal triethyl-, tributyl-, trioctyl-, and tridodecyiamine with benzene at 
303,15°K are compared. The data for the first system were taken from the literature, the others mea
sured in this laboratory, the last one having been reported earlier. All heats of mixing are endothermic, 
increasingly so with increasing chain length of the amine. The effect of chain length is explained as being 
due to an increased shielding of the lone-pair nitrogen electrons, decreasing thus its availability for bond
ing with the ir electrons of benzene. The results were analyzed in terms of a model involving the lattice 
theory of mixtures and group and molecular interchange enthalpies of interacting surfaces. The calculat
ed parameters support the above hypothesis.

The systems under considerations are representative of 
noninteracting nonelectrolytes in which specific interac
tions should not be expected. Nevertheless, a possible n -7r 
interaction between the nonassociated triethylamine and 
benzene has been suggested in recent years.2-5 That con
clusion was based cn the comparison of heats of mixing of 
triethylamine with n-heptane and benzene. The former 
binary system is nearly ideal with / i maxE of about 84 J 
mol-1 (at an equimolar composition) at 2E°, as compared 
to about 330 J mol-1 in the latter system under similar 
conditions.2-4 More recent heats of mixing data from this 
laboratory6 suggest that if such an interaction involving 
triethylamine exists, its extent must be seriously dimin
ished in similar mixtures of the equally nonassociated 
tridodecyiamine. The corresponding maximum excess 
enthalpies of mixing at 30° were found to be ~64 and 
~1350 J mol-1 in tridodecylamine-rc-octane and -ben
zene systems, respectively. It has been suggested6 that the 
effect is due to an effective screening of the lone-pair ni
trogen electrons by the three long aliphatic chains, de
creasing thus the extent of possible n -7r interactions.

In the above comparison, the difference in the heat ef
fects due to the molar volume between n-heptane (trieth
ylamine system) and n-octane (tridodecyiamine system) is 
negligibly small2-7-3 and can be neglected. Accordingly, 
the differences in i f maxE between amine-alkane and 
amine-benzene systems, which is a factor of 4 in the case 
of triethylamine, but becomes a factor of 23 in the case of 
tridodecyiamine. merits further consideration.

We now report the heats of mixing of a number of long- 
chain normal and symmetrical tertiary amines with ben
zene at 30° as determined calorimetrically. The enthalpies 
of mixing in these binary systems were found to be in
creasingly asymmetric and endothermic as the number of 
carbon atoms per chain increases from two to twelve.

Experimental Section
Tri-rc-butylamine (BDH) and tri-n-octylamine (Fluka), 

of the highest purity commercially available, were puri
fied by fractional distillation under reduced pressure. The 
fractions collected gave a single peax when gas chromato
graphed on a 1.5-m long column of S.E.30(15%) at 150° 
for tributyl-, and 300° for trioctylamine. The estimated 
purity was 99.8 and 99.9%, respectively. The boiling point 
of tributylamine was found to be 91.2° at 9 mm, as com

pared to 91° given in the literature.9 The densities of the 
purified products were as follows: tributylamine 0.7784 
g/ml at 20° as compared to 0.7782 in the literature;9 
trioctylamine 0.8086 at 25°, 0.8088 in the literature.10 
Benzene (Mallinckrodt) was dryed over sodium for several 
days prior to distillation, and after it. The purity, checked 
by gas chromatography using a 2-m long column of Apie- 
zon L 10% at 150°, was better than 99.85%. The density 
was 0.8687 at 30°, as compared to 0.8685 given in the lit
erature.11 The water content of the amines and benzene 
was determined by Karl Fischer titration and found that 
the purified compounds contained less than 0.01% of 
water. It is essential that the components be anhydrous in 
view of the fact12 that even small concentrations of water 
in either of the components coulc have significant effect 
on the relatively small heat effects recorded in this study.

Heats of mixing were determined at 30.000 ±  0.001° 
using a Tronac Model 1000A continuous automatic titra
tion calorimeter. The calorimeter experimental method, 
and calculation procedures were identical with those de
scribed earlier.6-13

Results
The experimental excess enthalpies of mixing for ben

zene with tri-n-butylamine and tri-n-octylamine are com
piled in Table I. The smoothed values at 0.1 mole fraction 
intervals for all four trialkylamine-benzene systems con
sidered here are given in Table IL Those for tridodecyi
amine have been taken from our earlier report,6 and those 
of triethylamine are taken from the literature.4 The latter 
system has been reported in three publications3-4 by two 
different teams. A comparison reveals that over most of 
the composition range there are significant differences 
among the three sets of heat of mixing data. Letcher and 
Bayles’ data at 25 and 45° refer to a much wider composi
tion range, and have been adopted here for comparison 
with our own results. The enthalpies of mixing listed in 
Table II at 30° were calculated by Kirchhoff s equation as
suming that the molar heat capacity is constant within 
the temperature range studied.

Discussion
Chemical Interaction. Let us first discuss in qualitative 

chemical terms the increasingly positive enthalpies of 
mixing with increasing number of carbon atoms in the
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TABLE I: Excess Enthalpies of Mixing of Tr -n-butylamine and 
Tri-n-octylamine with Benzene at 303.15°Ka

(C4H9)3N (C8H-17) 3 N

*2 HE *2 HE

0.1330 235.6 0.1942 351.7
0.2399 461.5 0.2872 538.1
0.3277 592.3 0 .3610 667.3
0.4005 639.6 0 .4553 812.8
0.4623 744.5 0.5252 918.3
0.5153 781.1 0.6160 1023
0.5611 802.4 0.7025 1062
0.6010 813.2 0.7621 1062
0.6359 819.5 0.8053 1023
0.6687 814.1 0 .8383 965.8
0.6965 800.9 0.8720 882.9
0.7208 785.9 0.9029 780.2
0.7425 762.9
0.7798 716.5
0.7958 689.7
0 .8104 663.2
0.8239 636.1

a x2 — mole fraction of benzene; HE, joules per mole.

alkyl chains of the amine. By a quasichemical interaction 
approach one may assume that the observed heats are re
sultant of two thermal effects of opposite signs: (i) the en
dothermic effect of disrupting the rr-rr bounds of the asso
ciated benzene, and (ii) the exothermic effect of newly 
formed bonds between the lone-pair electrons of nitrogen 
and the it electrons of benzene. In the triethylamine-ben- 
zene mixtures, effect ii compensates for a sizeable fraction 
of effect i, and the net resulting enthalpies of mixing are 
relatively small. They are only four times that of the 
HmaxE in the triethylamine-alkane system,4 where ob
viously neither of the interactions is operative, and the 
endothermic heats of mixing are essentially due to non
specific interactions. While with increasing chain length 
of the amine (increasing aliphaticity of the molecule), ef
fect i becomes of course more pronounced, the main rea
son for increased endothermic enthalpies of mixing is still 
the markedly lower compensation by effect ii. The physi
cal meaning of the decreased compensation by effect ii is 
that of screening of the lone-pair nitrogen electrons from 
the sight of benzene’s ir electrons, and fewer exothermic 
n -7r bonds formed as a consequence.

Similar are the trends in heats of mixing observed in 
n-alcohol-benzene14 and in the homologous series of sym
metrical di-n-alkyl ether-benzene15 systems. In the ether 
systems, the excess enthalpies of mixing of equimolar 
mixtures have the values of ~0, ~18.5, and — 310 J mol“ 1 
for diethyl, dipropyl and dibutyl ethers, respectively. This 
effect of chain length on the variation of HE is however 
significantly smaller than in the tertiary amine-benzene 
systems under consideration. The more pronounced influ
ence of the chain length in our systems is most probably 
due to a more effective screening of the functional donor 
group by three alkyl chains in the amines, as compared to 
only two alkyl chains of the dialkyl ethers. From diethyl 
to dibutyl ether there is a difference in the corresponding 

values of only 310 J mol“ 1, as compared to ~500 J 
mol“ 1 between triethyl- and tributylamine. In the n-alco
hol-benzene systems the difference in He (equimolar 
mixtures) between ethanol-benzene and butanol-benzene 
systems in only 270 J mol“ 1 in the same direction. These

TABLE II: Smoothed Values of Excess Enthalpies of Mixing of 
Tri-n-alkylamines with Benzene at 303.15°Ka’6

*2 (C2H5)3N4 (C4H9) 3N (C8H17)3N (C12h 25) 3n 6

0.1 116.6 202.2 212.4 258.2
0.2 209.6 380.4 380.9 546.4
0.3 276.9 550.4 550.2 788.7
0.4 319.7 683.7 709.0 972.3
0.5 339.5 775.1 880.0 1120
0.6 328.1 818.0 1025 1251
0.7 293.0 796.3 1093 1342
0.8 226.4 683.1 1013 1314
0.9 129.2 437.4 686.2 975.3

°  SmoothingI equations: (C4H9)3N--benzene, 303.15°K, He =
XtX2[3100 — 1384(x1 - x2) +  707(x, -  x2)2 -  389(x, -  x2)3]
(C8H17)3N-benzene, 303.15°K, HE = x 1x2[3520 -  3290(x, -  x2) +  
2300(x, -  x2)2], (C12H25)3N-benzene, 303.15°K, HE = x ,x2[4480 -  
2704(x, -  x2) +  3695(x, -  x2)2 -  3525(x, -  x2j 3]. h x2 =  mol fraction 
of benzene, HE, joules per mole.

systems, however, may not be strictly comparable to the 
previous ones since alcohols are hydrogen-bonded associ
ated liquids, where the extent of association is affected by 
the chain length.

We offer this argument of comparisons in support of the 
hypothesis that it is the diminishing compensation by ef
fect ii (screening efficiency) rather than the increased ex
tent of effect i which governs the trend of endothermicity 
in the homologous series discussed.

In somewhat different terms, but still to the same 
point, the electronegativity of the nitrogen atom should 
decrease with increasing chain length of tertiary alkyl- 
amines.16 The effect, of course, is expected to be more pro
nounced with the lower members of the homologous se
ries. A decreasing electronegativity means increasing elec
tron-donating property, which in turn means enhanced 
basicity of the amine. However, the basicity of a series of 
normal tertiary amines, including those discussed here, in 
organic solvents, among them benzene, indicates that the 
influence of the chain length on the pK  values derived 
from spectral measurements17 is very small. It is again 
the shielding effect of the alkyl chains on the electron- 
donor nitrogen atom which compensates for the increased 
basicity of the amines, acting as a kind of steric hin
drance.16

Due primarily to the large differences in the molar vol
umes of the components, but also to the changing partial 
compensation of the effects discussed above, the shape of 
the He us. x2 curves becomes increasingly asymmetric as 
the molecular weight of the amine increases. Figure 1 
gives the experimental HE points for the three amines 
studied in this laboratory, and the smoothed HE values at 
0.1 mole fraction intervals for the triethylamine-benzene 
system as taken from the literature (Table II). At low 
benzene mole fractions, a large proportion of the benzene 
molecules will be interacting with the amine so that the 
expected positive contribution due to the rupture of the 
benzene-benzene bonds is not fully realized. At the other 
end, in the benzene-rich region, the exothermic compen
sation by n-7r bonds becomes increasingly smaller with 
the higher members of the homologous series.

Statistical Thermodynamic Model. Turning now to the 
quantitative interpretation of the enthalpy data, it is ap
parent that the binary systems reported here can provide 
a good test for the generalized lattice theory of Barker, 
since they refer to a homologous series of nonassociated 
molecules containing identical groups. The ratio of nitro-
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gen atom to the number of methylene groups is sufficient
ly different, in the series ranging from 1/3 in triethyl- 
amine to 1/33 in tridodecylamine, to lead to significant 
differences in the excess enthalpies of mixing with the 
same solvent. To satisfy this requirement, however, ben
zene (or other aromatic solvents6) had to be chosen rather 
than an alkane, because the heat effects with the latter 
solvent are small, amounting to a difference in / i maxE of 
only about 30 J mol-1 between triethyl- and tridodecy
lamine,4'6 as compared to over 1000 J mol" 1 when ben
zene is used as the second component.

Thus the experimental results car. be treated by a com
bination1518 of the group interaction model19-21 and the 
zeroth approximation form of the lattice theory of 
mixtures22-23 for molecules of different sizes at a com
pletely random arrangement.

It is supposed that.each molecule, i, consists of m2 seg
ments, each occupying one site on a lattice of coordination 
number z. The number of contact points for each type of 
molecule i is thus given by

s, = m.i(z -  2) +  2 (1)

Each segment on the surface of the molecule has a char
acteristic capability of interaction which is proportional to 
the “ group cross section” su, sv, sl . . . of u, v, t . . . . type 
surfaces of molecule i. The “ molecular group sections” are 
thus defined by

Si Em, V (2)

representing the sum of the appropriate group cross sec
tions of molecule i. Following Kehiaian,15 the correspond
ing “ molecular coverages” are defined by the ratio

oiis =  m,asa/s, (3)
For the binary systems under consideration, according 

to the model of characteristic group interactions, we take 
that the surface of amine molecules is composed of ali
phatic ( CH 3 and C H 2 ) and amine-nitrogen elements, and 
that of the homogeneous benzene molecule, of one aro
matic element. Thus, in terms of the theory, the three in
teracting surfaces are (u) aliphatic, (v) aromatic, and (t) 
amine nitrogen assuming that the methyl and methylene 
surfaces are of the same kind.15

The experimentally determined excess enthalpy of mix
ing per mole of mixture is defined16 as

H' sis2
JC,X2

Sj.Xi +  S2X2
(4)

(x = mole fraction) through the “ molecular interaction 
parameter” A 12, given for our binary systems with a total 
of three characteristic surfaces u, v, and t, by the rela
tionship
A\2 = —|>uv(aT - aT)(«iv - a2') +
kl" (a "  -  « , “) (« /  -  a-S) +  fevV ;  -  a2v)(a,' -  a /) ]  (5)

where kuv, kut, and kvt are the “ molar interchange enthal
pies” per conventional unit area of the interacting surfac
es indicated by the superscripts, and the sum of all molar 
coverages for any given molecule is equal to unity

+  a /  +  a /  =  a2u +  02  +  a 2‘ = 1 (6)
Group and Molecular Parameters. The group and mo

lecular cross sections and the corresponding derivatives of 
molar coverages were estimated by adopting a lattice 
coordination number of z = 8, thus an area of 0.125 for

Figure 1. Comparison of theory with experiment for the excess 
enthalpies of mixing of tri-n-alkylamines with benzene at 
303.15°K. Points show experimental results, except for 
(C2H5)3N for which the points were those from Table II. Full 
lines show values predicted by the theory (see text).

each bond.15 Accordingly, in the tertiary amine mole
cules, each methyl, methylene, and nitrogen group consti
tute one section which would have a value of unity in the 
isolated state, but

s ch3 = 0.875 (one bond per group) 
s ch2 = 0.750 (two bonds) 
s N = 0.625 (three bonds) 

when chemically bound.
For the benzene molecule, Kehiaian15 has derived the 

value of sc6h6 = s2 = 3.800, which has been adopted for 
the present calculations.

From these values of group sections, the molecular cross 
sections, the four Si values corresponding to the four dif
ferent amines, were calculated by simple addition, and 
the values obtained are

«(C2H5)3N = 5.500

s (C(h9)3n = 10.000
S(C8h,;)3n = 19.000

* ( C , 2 H 2 5) 3 X = 28.000

The corresponding molecular coverages of interest for the 
binary systems under consideration are only those of the 
amine coverages

a < C „ H 2„ + 1 )3N =  « N / S ( C „ H ! „ +1)1N ( 7 )

with the values
a ( C 2H 5) 3N = 0.1135 
a ( C 4H , ) 3N = 0.0625 
a (c8Hi;)3NT = 0.0329 

a (Ci2H25)3N = 0.0223
Molar Interchange Enthalpies. The molar interchange 

enthalpies kuv, kut, and kvt, account for the thermal effect 
of interactions of the various groups occurring in random
ness of the molecules in the solution. The aliphatic (u)- 
aromatic (v) interchange enthalpy. km , has been deter
mined previously15 from heat of mixing data for a large 
number of benzene-n-alkane mixtures using eq 4 and 5, 
when a iv, a2u, and a ,1 are equal to zero and cviu = 02v = 1 
(subscript 1 = n-alkane; 2, benzene), thus

A 12 =  ku' (8)
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While, of course, the molar interchange enthalpies should 
be temperature dependent, a recalculation of the experi
mental data at 20 and 25° of the sources quoted by Ke- 
hiaian,15 and new24 data for the benzene-n-octane system 
at 30°, have shown that the temperature coefficient of kuv 
in the 20-30° temperature range is such as to increase the 
uncertainty by an additional 2.4%, to a total of 3.6%. 
Thus, a more conservative value of kuv should be 830 ±  30 
J mol-1 , rather than 830 ±  10 J mol-1 given by Ke- 
hiaian.15

For the estimation of the aliphatic (u)-amine (t) inter
change enthalpy, kut, when a iu, « 21, and £pv are equal to 
zero, and a2u is unity (subscript 1 = amine; 2, n-alkane), 
eq 5 becomes

A lt =  ¿U,W )2 * (9)

The kut values derived from the two systems available for 
estimation, those of triethylamine-rc-heptane4 * and tri-rc- 
dodecylamine-n-octane,6 while internally consistent, were 
much at variance with no possibility for a sensible esti
mate of an average value. We have thus adjusted both feut 
and kvt values by a least-squares computer program to fit 
the experimental data for all four trialkylamine-benzene 
systems under consideration. For the calculation of the 
latter interchange enthalpy, fevt, eq 5 was used in the form

A u =  (1 -  a,')ku' +  <V(1 -  « 1, ) r , +  ax'k" (10)
since in the interchange between benzene (v) and amine 
(t), the values of a iv, « 2U, and are equal to zero, c*2v = 
1 and a iu = 1 — «T  (subscript 1 = amine; 2, benzene).

kut and kvt thus adjusted have the values of 15,000 ±  
700 and 9500 ±  500 J mol-1 , respectively. The fit of the 
calculated values is shown in Figure 1 along with the 
experimentally determined points. The agreement found 
should be considered satisfactory. As additional and reli
able heat of mixing data gradually become available on 
tertiary amine-rc-alkane systems, it will be possible to cal

Mass Spectra of Rare Earth Triiodides

culate the two interchange enthalpies separately, which 
then will eliminate the need for the least-squares adjust
ment employed here.
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The mass spectra of vapors over the stable lanthanide triiodides have been measured. Enthalpies of sub
limation of the triiodides and enthalpies of formation and dissociation of the positive ions have been esti
mated. The electron impact fragmentation pattern of these iodides is discussed.

1. Introduction
Except for samarium, europium, ytterbium, and lute

tium, the trivalent salt is the normally stable state for the
lanthanides. The divalent salt is the normally stable state
for the four exceptions. In these stable valence states the

halides of the lanthanides are believed to vaporize as the 
monomeric molecule in the region of lew pressures. Mass 
spectrometric evidences for the congruent evaporation of 
the monomer have been obtained for a number of stable 
trifluorides1 and trichlorides,2 and also of some stable di
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chlorides,3 dibromides,4 and diiodides.5 There has been no 
report of the mass spectra of stable lanthanide triiodides 
other than Ndl3.6

We earlier reported on the mass spectra of vapors over 
Ndl3 and Sml3,6 as well as the vapor pressures over Ndl3 
and Prl3.7 Although the vapor pressures ever most of the 
lanthanide fluorides and chlorides have oeen measured, 
this has not been the case with the iodides. Feber8 had 
earlier estimated the enthalpies of sublimation of all of 
the lanthanide iodides, and his estimates have generally 
been in excellent agreement with the small number of 
measured values. We have measured the vapor pressures 
of a number of lanthanide iodides, and have determined 
the mass spectra of vapors over these iodides. We here re
port on the mass spectra of the vapors over the stable tri
iodides. A number of thermodynamic quantities have 
been obtained, and the fragmentation pattern of these io
dides on electron impact is also summarized.

2. Experimental Section
2.1. Materials Preparation. The triiodides were pre

pared by the direct reaction of the meral with iodine 
vapor. The metal (99.9% purity in all cases) was con
tained in a crucible of tungsten, molybdenum, or tanta
lum which was placed in a fused silica tube. After resub
limed iodine was admitted into a side arm of the silica 
tube, the system was evacuated at least tc 10 ~ 4 Torr and 
sealed. The crucible section of the silica tube was placed 
in a furnace while the iodine pressure was controlled by 
the temperature of the side arm. The reaction tempera
ture was maintained slightly above the melting point of 
the iodide. The iodides were subsequently purified by 
sublimation. Analysis of the products all showed at least 
99.99% purity of the triiodides.

2.2. Measurements. The mass spectra were measured 
on a Bendix time-of-flight mass spectrometer, Model 12- 
101, with a Knudsen cell attachment supplied by Bendix. 
The spectrometer and Knudsen cell system have been de
scribed by White, et al.9 The tantalum Knudsen cell was 
heated by radiation in all of the measurements. The cell 
was constructed of a cylindrical, machined cup of 0.5 in.
i.d. X  0.5 in. depth, over which was slip-fitted a cap with 
an orifice of approximately 0.25 in. The cap was machined 
internally with a ledge so that it seated firmly onto the 
bottom cup. A tantalum foil of 2 mil thickness, with an 
orifice of 0.030 in. in the center, was placed between the 
cup and the cap. A Pt-Pt—10% Rh thermocouple was 
placed in a recess in the bottom of the cell for tempera
ture measurements.

Approximately 0.3-0.5 g of sample was oaded into the 
cell for each run. In the loading operation, the sample vial 
was first placed in a polyethylene glove bag (Instruments 
for Research and Industry), which was connected to argon 
and vacuum lines. The bag was then hermetically sealed 
above the flange attachment of the Knudsen cell chamber 
to the mass spectrometer. The bag was flushed with 
argon, and this atmosphere was maintained while the 
Knudsen cell chamber was released from the spectrome
ter, loaded with the sample, and reattached. The Knud
sen cell was then evacuated at approximately 10 6 Torr 
for a few hours while keeping the cell at about 250°. The 
cell was then heated and the spectrum scanned rapidly, 
generally at 28 V. As soon as species were detected above 
the background, the temperature was stabilized to within 
± 3°, and the spectrum was scanned at the appropriate

gain and recorded on a Hewlett-Packard Model 7100B re
corder. The spectrum was recorded at several tempera
tures to obtain the relative intensities of the different 
species. The shuttering effect on each species was also re
corded at at least one temperature. The relative multi
plier gains were obtained by measuring the intensity of a 
given peak, usually a peak of high intensity, at different 
gain settings.

The ionization efficiency curves were determined by the 
usual method for this instrument using a Keithley digital 
multimeter of ±0.05-V accuracy for the electron energy 
measurements. The ionization efficiency curves of nitro
gen and of oxygen were determined as internal standards 
for the determination of appearance potentials (AP). The 
AP were determined by linear extrapolation with mea
surements generally at 0.5-V intervals.

3. Results
The lanthanide triiodides all sublime congruently as the 

monomolecular MI3, where M is the lanthanide. This is 
verified, in part, by the parallel plots of the usual log IT 
vs. l/T, where I is the ion intensity, T the absolute tem
perature, and IT is proportional to the partial pressure, 
for all of the lanthanide-containing species for any given 
triiodide. Although most of the spectra were determined 
at an electron-accelerating energy of 28 eV. the spectra for 
Cel3 and Ndl3 were obtained also at 44 eV. At the latter 
accelerating energy, doubly charged ions were also ob
served. For example, Cel2+, Ce2+, and Cel22  ̂ were ob
served in decreasing abundance in the order shown. At 28 
eV the doubly charged ions were generally not detected 
because of the high appearance potentials, >25 eV, of 
these ions. The measurements of the singly charged ions 
at 28 eV were based on the observation that the ionization 
efficiency curves for these species leveled off above 20 eV.

The mass spectra of the triiodes all showed strong in
tensities from I2+ and I + . The former ion showed practi
cally no shuttering effect whereas the I+ shuttered to the 
extent of approximately 20%. The lanthanide-containing 
species, on the other hand, showed complete shuttering. 
The appearance potential of the I2 ! ( ~  10.0 eV) and 1 + 
( —13.5 eV), and the lack of shuttering of these ions show 
that I2 is the parent. The iodine arises predominantly 
from the desorption from the ionization chamber and to a 
certain extent from the Knudsen cell chamber walls. 
Gupta10 has observed similar strong l2+ and I+ peaks 
arising from wall desorption in the mass spectrometric 
measurement of tungsten iodide. However, the fact that 
the I+ intensity showed some shuttering effect suggests 
that some 1(g) may be effusing out of the Knudsen cell. 
Some indication of this gaseous species was suggested by 
a relatively long tail on the low-energy .side of the efficien
cy curve. Presently, we cannot conjecture the reaction 
source from which this species originates. It does not ap
pear to be from the decomposition of the triiodides since 
these compounds all evaporate congruently. Furthermore, 
these salts evaporate completely without any residue at 
the measurement temperatures; if the iodine originated 
from the decomposition of the triiodide the other product 
would be a low vapor-pressure, lower iodide or the metal.

Table I summarizes the relative intensities of all of the 
stable lanthanide triiodides measured in this work. The 
most intense ion peak in these iodides is that of the MI2 + 
ion. In the first group of the rare earths, Ce, Pr. and Nd. 
the relative intensities decrease in the order MK+ > M*
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Figure 1. Ionization e ffic iency curves for ions from  D y l3.

> MI+ > MI3 + . The intensity of the MI3+ is also only
0. 1-0.2 of that for the MI21" ion in this group. Similar rela
tive intensities have been reported for ions from NdF3, 
LaFs,1 and L.UCI3 . 2 However, in the spectrum of Gdl3 the 
relative intensities vary as Gdl2+ > Gdl3+ > Gdl+ ~  
Gd+, and the Gdl3+ intensity is 0.69 that of the Gdl2+ 
ion. There does not appear to be any definite trend in the 
relative intensities of the ions in the second group of rare 
earth triiodides after Gdl3, but the Ml3+ relative intensity 
is 0.4 to 0.6 of that for the Ml2+ ion.

Figure 1 shows the ionization efficiency curves for ions 
from Dyl3 taken at decreasing and at increasing electron 
energies at 0.5-eV intervals. The efficiency curves for the 
other iodides were similar to those in this example. How
ever, the measurements for Cel3 and Ndl3 were made at
1.0-eV intervals. The estimated error in the AP from 
curves similar to those in Figure 2 was ±0.2 eV, while the 
estimated error for the AP for ions from Cel3 and Ndl3 
were ±0.5 eV. Table II summarizes the AP’s of the single- 
valent positive ions, as well as the calculated AP’s for the 
M + ions, based on the ionization potentials of the lan
thanide metals11 and the enthalpies of atomization of the 
gaseous triiodides.8 The AP’s of the lanthanide iodide pos
itive ions are generally lower than those reported for the 
lanthanide chlorides and fluorides, with the AP’s decreas
ing in the order fluorides > chlorides > iodides. The mag
nitudes of the AP’s of the iodides in Table II are in agree
ment with those expected for the processes.

MI3 +  e — ► MI:)+ +  2e

MI:J + e — *■ MI2+ + I +  2e

MI., +  e — *• MT1 +  21 +  2e

MI) +  e — ► M+ +  31 +  2e

Hariharan and Eick5 recently reported on the mass spec
tra of Eul2. The AP’s of the ions obtained for the positive 
ions from this normally stable diiodide are 8.8, 9.9, and
12.4 eV for Eul2 + , Eul+, and Eu+, respectively. We have 
obtained similar values of the AP’s of ions from Sml2,12
1. e., 8.7, 9.2, and 12.5 eV for the ions Sml2+, Sml+, and 
Sm + , respectively.

Figure 2. Log IT vs. 1 /7"for the D y l2+ ion. 

TABLE I: Mass Spectra of Rare Earth Triiodides

Rei intensity at 23 eV

m i3+ m i2+ m i+ m +

Cel3 14 100 29 76
Pr 13 17 100 34 58
Nd 13 11 100 28 69
Gd 13 69 100 66 47
Tb 13 37 100 41 38
Dyl3 50 100 32 32
H o l3 51 100 39 70
Erl 3 58 100 43 69

Heats of sublimation of the lanthanide triiodides were
obtained from the slopes of the log IT U S . l/T plots of the
MI2+ ions. This ion was chosen because of its highest in-
tensity in the spectra. Figure 2, for the Dyl2+ ion, shows a
typical plot of the data for the triiodes. Table III summa
rizes the mass spectrometric heat of sublimation. The 
mass spectrometric heat of sublimation for Prl3 and Ndl3 
at measurement temperatures around 900°K are not in
cluded because of the low values of 52 and 54 kcal/mol, 
respectively. The reason for this discrepancy is not known 
at present. The enthalpies of sublimation were extrapolat
ed to 298°K by assuming ACp = —14 cal/mol deg. Table 
HI also summarizes the AHs° 298 for all of the triiodides 
measured. The Afis°298 for Prl3 and Ndl3 are values ob
tained earlier from vapor pressure measurements.7 The 
mass spectrometric AHs°29s for Cel3 and Dyl3, 79.0 ±  5 
and 69.4 ±  1.6 kcal/mol, respectively, are in excellent 
agreement with the values obtained from vapor pressure 
measurements.13 The latter values of AHs°29S for Cel3 and 
DyG are 77.0 ±  1.0 and 68.1 ±  0.6 kcal/mol, respectively. 
Earlier, Feber8 had summarized the enthalpies of subli
mation of all of the lanthanide halides, only few of which 
were experimental values. Table III shows that Feber’s 
values agree excellently with those obtained in our labora
tory.

We have utilized Feber’s AHf°2gg of the solid triiodides, 
the experimental enthalpies of sublimation, the enthalpy 
of formation of 1(g),14 and the appearance potentials of 
Table n to calculate the enthalpies of formation of the 
positive iodide ions. These enthalpies of formation are 
summarized in Table IV. It was also of interest to esti
mate the enthalpies of dissociation of the positive ions for 
the processes MIn+ —► M I„_i+ + I in order to determine 
the relative strength of the I-MIn_ i+ bond of the ions. 
Table IV also summarizes this bond dissociation energy of 
the ions. It is seen that the dissociation energies of the
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TABLE II: Appearance Potentials of Positive Ions

AP, eV

M I3+ M 2*  Ml

Ce 13 9.6 ± 0 .5 9.7 ± 0 .5 13.6
P r l3 9.2 ± 0.2 10.0 ± 0.2 12.9
N d l3 9.2 ± 0 .5 9.3 ± 0 .5 13.6
Gd 13 9.2 ± 0.2 10.1 ± 0.2 13.5
Tbl 3 9.5 ± 0.2 10.5 ± 0.2 13.7
Dy 13 9.6 ± 0.2 10.5 ± 0.2 13.1
H o l3 9.2 ± 0.2 10.4 ± 0.2 13.2
Erl 3 9.0 ± 0.2 10.2 ± 0.2 13.3

TABLE III: Heats of Stblimation, keal/mol

AH T T. °K A.^s 2 9 8

A H S 29 8  
(Feber)

<DO

69.7 933 79 ±  5 77
P r l3 78.9 ±  1.5 76.0

N d b 77.8 ±  0.6 74.9

G d l3 61.1 943 70,5 ±  0.5 70
Tbl 3 58.8 931 68 .0 ±  0.5 69.5
D y l3 60 .4 916 69 .4 ±  1.6 68.5

H o b 64 .0 880 72.5 ±  1.8 68
E rb 60.7 895 69 .4 ±  3.8 67

MI3+ ions are significantly lower than those of the M l2+ 
and MI+ ions.

4. Discussion
Hastie and Margrave1516 have extensively discussed 

the mass spectra o: metal halides. They have obtained 
correlations between the ionization potentials of some 
mono- and dihalides with the bond type. They have also 
shown, from available mass spectroscopic data, that the 
fragmentation pattern of halides with open electron shell 
type shows predominantly the parent ion. In contrast, the 
halides of closed electron shell type show the parent ion in 
least abundance, while the most abundant species in the 
mass spectrum is that with one less halogen than the par
ent. They also indicate that the more covalently bonded 
species, such as the iodide, are less likely to fragment 
than ionic bonded species. These generalizations are not 
so simply applied to the rare earth halides with unfilled f 
orbitals, but the rules derived by Hastie and Margrave are 
helpful.

The stable lanthanide triiodides studied here behave 
similarly to the closed shell metal halides, in spite of the 
incomplete f shells on the lanthanide ion. This is attrib
uted16 to the large coulombic interaction between the 
charged metallic nucleus and the f electrons. The low 
abundance of the parent ion in the first group lanthanide 
triiodides, compared with that in the second group start
ing from Gdl3 + , may be related to the interaction of the 
nucleus with the f electrons in association with the lan
thanide contraction.

A more clear understanding of the mass spectra of these 
lanthanide iodides may be obtained by reference to the I- 
MIn_ i+ dissociation energies of Table IV. The dissocia
tion energy D(I-MI2+) < 1 eV is significantly lower than 
D(I-MI+), so that the MI2+ species is expected to domi
nate the lanthanide triiodide mass spectra. The increasing 
abundance of the parent ion, MH1, from Gdl3 + to Erl3+

M *
M * M l2* ealed

± 0 .5 17.7 ± 0 .5 28 ± 1 > 1 6 .7
± 0.2 17.0 ± 0.2 16.0
± 0 .5 15.9 ± 0.2 15.7
± 0.2 17.0 ± 0.2 16.4
± 0.2 17.6 ± 0.2 16.2
± 0.2 16.4 ± 0.2 15.2
± 0.2 16.7 ± 0.2 15.7
± 0.2 16.2 ± 0.2 15.9

TABLE IV: Heats of Formation and Dissociation Energy
of Positive Ions“

A H f (ion), eV D(\ -M ln _ , + ), eV

m i3+ M l2 + MI + M + M l3 + M l2+ MI +

Cel3 6.1 5.1 7.9 10.4 0.1 3.9 3.6

Pr l3 5.8 5.5 7.3 9.4 0.8 2.9 3.2

Ndb 6.0 5.0 8.2 8.9 0.1 4.3 1.8

Gdb 5.9 5 .7  8.0 9.9 0.9 3 .4  3.0

Tbl3 6.3 6.2  8.2 8.8 1.0 3.1 2.7

Dyb 6.5 6.2 7.7 8.9 1.0 2.6  2.2
Hob 6.3 6.2  8.2 9.3 1.0 3.1 2.2

Erb 6.0 6.1 8.1 9.5 1.2 3.1 2.5

a ±0 .5  eV.

is a reflection of the higher D(I-MI 2 + ) in this group as
compared to that in the first group.

It is interesting to compare some of the derived quan-
tities of the lanthanide iodides with those of the fluo
rides,1 since the latter have been exhaustively studied by 
Margrave and coworkers. The appearance potentials of 
the M + , MF+, and MF2+ from the fluorides are by ap
proximately 10.0, 6.5, and 3.5 eV. respectively, greater 
than those from the corresponding iodide positive ions. 
The abundance of the MF3+ parent ion is extremely low 
in the fluorides. The bond dissociation energy of the MF+ 
ion is approximately 5.5 eV, as compared with 2-3.5 eV in 
the MI+ ions. These large differences in the comparisons 
all arise from the stronger bond energy between the metal 
and fluorine in the more ionic fluorides, as compared with 
the more covalent metal-iodine bond.

5. Conclusions
The electron impact fragmentation pattern of the stable 

lanthanide triiodides are characterized by a strong MI2+ 
peak. Depending on whether the metal is in the first or 
second group of the lanthanide series, the parent ion peak 
is either the weakest or the second strongest in the spec
trum. The relationship of the MI2*/M I3 + relative intensi
ty is best explained by their relative bond dissociation 
energies.

The appearance potentials and enthalpies of sublima
tion of the triiodides are all very similar. These triiodides 
all sublime congruently.
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Based on more than 108 counts obtained from y  emissions arising from cobalt-60 and cesium-137 nuclei, 
serial statistical tests—the sum of squares of 0,1 standardized slopes of linear regressions and the sum of 
squares of the closely related 0,1 standardized correlation coefficients—exhibit significant deviations 
from the theoretic (random) expectation as a function of differences in the source environment. On the 
other hand, more conventional, nonserial statistical tests—the x-square goodness-of-fit and index of dis
persion tests—derived from the same data are indistinguishable from those expected for random events. 
These serial discrepancies raise a substantial question as to the randomness of the detected emissions 
and, insofar as emissions and decay events are appropriately interrelated, the independence of the events 
themselves.

Introduction
Recently, Anderson, employing nonserial index of dis

persion tests, reported that, under certain conditions, d 
radiation emitted by carbon-14-labeled organic submono
layers is not properly described by the Poisson distribu
tion.1 In contrast to generally accepted nuclear theory, the 
implication of this work is that the events themselves are 
thus not independent under those particular conditions.

Since it is unlikely that the causal factor for such 
anomalous statistical behavior is the formation of interac
tions only under those specific monolayer conditions cited, 
the possibility exists that such interactions, as shown by 
detected emissions being other than random, would gener
ally be present also in nonmonolayer configurations. In 
order to test this possibility, a large number of sequential 
count totals arising from detected y  emissions of cobalt-60 
and cesium-137 sources held under several different envi
ronmental conditions have been examined using a variety 
of statistical tests.

Historically, nonserial statistical methods have been 
employed to test experimental observations of radioactive 
emissions and thereby the adequacy of the thesis of inde
pendence of radioactive decay events. Primarily these 
have been the chi-square (x2) test which permits testing 
of the hypothesis that an observed frequency distribution 
is of the same population as a theoretic one and the index 
of dispersion (s2/m) which is the ratio of the observed 
variance to the best estimate of a2, i.e., the mean for

Poisson distributions. Each test measures only specific 
parameters of the observed distributions and, in general, 
these parameters are not identical for the different tests.

Applied to radioactive counting, conformance of ob
served distributions with the expectation using a single 
statistical test has, in the literature, generally been taken 
as proof that the underlying assumption of independence 
has been verified. All that can reasonably be concluded, 
however, from conforming results of a single test, (e.g., P ’s 
of >0.05 or 0.01) is that the results are not inconsistent 
with the thesis of randomness and, insofar as emissions 
are directly related, of the independency of the events 
themselves.

If a series of numbers (such as radioactive counts) are, 
in fact, random, then each statistical test which measures 
at least one property of randomness must consistently 
show conforming results with an appropriately high fre
quency; the population of the counts must be, within ac
cepted probability limits, of the same population as theo
ry would predict and as would result from randomly gen
erated numbers themselves. In the absence of artifact, 
consistently nonconforming results as shown by even one 
valid test are thus sufficient to raise serious questions as 
to the validity of the thesis of randomness of what is actu
ally measured and to render the generality of this thesis 
untenable.

The earlier published evidence shows that the observed 
distributions, primarily of a emissions, were not differen
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tiated from the expectation, t.e., the Pcisson.2 At least 
one exception has already been noted.3 Berkson has more 
recently reevaluated some of the earlier work using the 
s2/m test; this evidence does not now appear as compel
ling as was originally thought.4 Further, in studying 
times-between-n-emissions arising from S41Am, Berkson, 
employing nonserial tests primarily, did not observe sig
nificant differences between the observed and expected 
distributions, although he noted what seemed to be a high 
correlation among consecutive times in one case. He con
cluded: “ . . . can we consider this examination a fairly de
finitive establishment of the randomness of such emis
sions? I do not think so .. . I had the impression that a 
quite extreme departure from randomness might be oper
ative without its being detected by these statistical tests 
. . .” (italics added).

Statistically, radioactive counts obtained as a sequen
tial series of count totals (counts per unit time) may be 
considered as a set of nonserial totals for purposes of cal
culating the x2 goodness-of-fit test or the index of disper
sion.

Such sequential counts may also oe considered as serial 
values with respect to time, permitting the derivation of 
statistical indices such as, for example, the linear correla
tion coefficients or the slopes of linear regressions. In such 
series, each correlation coefficient is a measure of the lin
ear correlation that exists within the set between counts 
and time while the slope statistic is a measure of the 
change in “ mean” within each set also with respect to 
time. Since the population mean does not sensibly change 
due to radioactive decay for isotopes of such long half- 
lived species as 60Co and 137Cs during counting periods of 
less than 15 min as are described herein, the theoretic dis
tribution of the slope is the distribution of the apparent 
slopes observed for finite samples and is a function of the 
mean and of the number of counting periods in each data 
set. The statistics, derived from the linear regression anal
ysis, may thus be compared as is reported herein with 
well defined theoretic distributions in crder to obtain 
probabilities that the observed distributions are of the 
same population as are those expected theoretically.

Other serial statistical tests may also be employed to 
test the adequacy of the thesis of randomness. Thus auto
correlation coefficients for the same data sets as have 
been examined herein have been calculated and have been 
compared to approximate theoretic distributions, distri
butions which are considerably less rigorously derived 
than are those of tne linear regression cited. Largely con
firming the linear regression statistics, the analyses based 
on the autocorrelation coefficients are summarized in the 
supplemental notes 5

Experimental Section
Detection and Counting Equipment. Counts for the var

ious statistical analyses were all produced by detection of 
7 emissions from small sources (i.e., less than 5 ^Ci per 
source of 60Co or 137Cs) positioned more than 3 cm from 
the detector using in sequence a sod.um iodide crystal de
tector and photomultiplier tube, preamplifier, amplifier, 
single channel analyzer, and a multichannel analyzer op
erated in the multiscale mode thereby permitting auto
matic accumulation of data sets of 1024 separate and pre
cisely timed consecutive count totals (0.4 sec/channel for 
all 60Co series and 0.8 sec/channel for all 137Cs runs). The 
multichannel analyzer analog-to-digital converter was by
passed in the arrangement with the result that the equip

ment resolution time loss was insignificant at the relative
ly low levels of count rate involved (in excess of 1500 
counts/sec in only 5 of the 262 series and less than 2600 
cps in all runs).

The detector-PMT assembly, whose case was electrical
ly grounded, was surrounded by lead bricks on top and on 
the sides, all positioned inside a styrofoam box to decrease 
to a minimum any possible counting fluctuations due to 
ambient temperature variations within each 409.6- or
819.2-sec period as well as to reduce the effect of back
ground. Experimentally the variations of the ambient 
were observed to be less than 0.1 3C/15-min period during 
several tests with the result that the variations within the 
enclosure must have been even less. Except for loss of 
power due to line interruptions which occurred two or 
three times over the 10 months of the project, both the 
high voltage and the main power were kept “ on” over the 
period of the project. Further to ensure maximum stabili
ty of the detector-PMT output, a highly stabilized high- 
voltage supply was employed.6

The basic multichannel analyzer was made by Nuclear 
Data and the auxiliary equipment by Canberra Indus
tries.7 The equipment was demonstrated on several occa
sions (prior to the start of the tests, approximately mid
way during the 10-month period of the tests, and following 
completion of the tests) to record “ standard” counts prop
erly in each channel using similar “ window” limits for the 
particular input signal and bypassing only the detector- 
PMT system. When these “ standard” tests were run using 
pulses based ultimately on a crystal oscillator, the input/' 
output counts per channel did not vary at all over the 
1024 channel sequences. At similar count rates to those 
employed during the radioactive counting, no drift what
soever was observed under this test condition. These 
checks demonstrate a high likelihood that this portion of 
the equipment (preamplifier, amplifier, SCA, and multi
channel analyzer portions) made no random or nonran
dom contribution to the recorded counts.

The output of the PMT was also examined repeatedly 
during the course of the work using a visual oscilloscope 
presentation. No apparent variation in the form of the 
output was observed during these tests (cf. note 8).

For 137Cs, the SCA baseline was set in the valley below 
the photopeak and the window was set at a point above 
the peak so that no sensible loss of signal occurred but 
also so that substantially only photopeak signals were 
counted. In the case of 60Co, both photopeaks were simi
larly included within the baseline-window setting but the 
sum peak was excluded. Both baseline and window set
tings were verified frequently; no significant long term 
drift was noted.8

The memory-retained counts were typed out by tele
typewriter and simultaneously punched into paper tape 
(ASR-33 terminal). The paper tapes were subsequently 
converted into series of punched cards using a computer 
program that automatically flagged those numbers which 
did not conform to the standard pattern of six digits (e.g., 
000544). The few errors thus defined were corrected by 
comparison with the teletyped record and new cards were 
punched. In only two cases, zero values were observed 
both in the paper tape and in the teletyped records; these 
two particular sets of 1024 counts each were discarded and 
are not included in the statistical summaries.

Following preparation of the punched cards, the data 
were analyzed using an IBM 360/30 computer and Fortran 
IV programs (double precision where indicated) that were
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prepared specifically for the purpose. Each punched card 
was individually verified to be in sequence prior to analy
sis of the serial statistics.

No human-error-producing step was thus encountered 
between the actual decay events and the derivation of sta
tistical properties, as shown by the several tests. The av
erage count total per unit time (i.e., channel) was ap
proximately 400 with very few data sets having more than 
600 or less than 200 counts per unit time.

Radioactive Sources. All radioactive sources used in the 
work reported herein were prepared by evaporative depo
sition (aided by a heat lamp above) of mildly acid chlo
ride solutions (generally of 10 pi or less) onto 3003 alumi
num foil or onto clear adhesively surfaced plastic film 
substrates (acetate of 0.13-mm thickness) followed by cov
ering of the crystalline residues with another small section 
of adhesively surfaced plastic. In one source, two self-ad
hesive films were used to encapsulate an aqueous solution 
of 137CsCl (ca. 20 pi). Prior to counting, the source sub
strates were trimmed to ca. 3 X 3 cm size with the actual 
radioactive portion centered in the sandwich.

Prior to deposition of the radioactive solutions, the alu
minum foil was freed of prior adsorbents by heating at 
320° in the laboratory atmosphere for a period of at least 
20 min as has been described elsewhere.1

Following preparation, sources which had been deliber
ately subjected to an environment other than ambient 
were never used a second time at ambient nor were they 
used other than in sequential series at other than ambi
ent.

Environmental Conditions during Source Counting. (1) 
Nongrounded Aluminum Substrates, (a) 60Co. Forty se
ries (8 sources) were counted under “ steady state” condi
tions in which the aluminum backing was insulated from 
electrical ground by wedging the source between two nest
ed styrofoam cups (in turn rigidly positioned with respect 
to the detector crystal), the inner one having a small ca. 
1-cm hole cut out on the lower side, the hole being posi
tioned adjacent to the aluminum on the other side of 
which was the site of the radioactive salt. Thirty-three se
ries (10 sources) were counted while the source, positioned 
as described above, was cooled with liquid nitrogen by 
keeping the nitrogen level in the inner cup well above the 
exposed aluminum backing. Another 16 series (4 sources) 
were counted with the source taped to a polyethylene 
sleeve in turn immersed in liquid nitrogen in a Pyrex 
Dewar. (No apparent change in the statistical behavior 
was noted in the two types of -193° cooling.) When the 
styrofoam cups were used they were, in turn, immersed to 
approximately 1 cm from the top of the outer cup in ca. 1
1. of water to prevent changes in count due to adventitious 
condensation of moisture. While cooled, counts were re
corded immediately after the nitrogen had become quies
cent and each half-hour thereafter but in no event main
taining the cooling for longer than four consecutive count
ing sequences (<2 hr per source). Twenty-two series (5 
sources) were recorded during warmup from the -196° 
condition, in each case within 105 min of disappearance of 
coolent.

(b) 137Cs. Fifty-four series (7 sources) were counted 
under “ steady-state” conditions; 4 series (2 of the same 
sources) were recorded during the first 40 min of cooling 
to -196° while 4 more (the same 2 sources) were obtained 
during the first 40 min following disappearance of the liq
uid nitrogen from the styrofoam cups as in (la) above.

(2) Grounded Aluminum Substrates. 137Cs. Forty-one

series (4 sources) were counted while the aluminum sub
strates were deliberately electrically grounded, in each 
case the source being maintained at ambient; 8 series (1 
source) were counted while the source was held at —196° 
during 320 min.

(3) Plastic Encapsulated Sources. 137Cs. Seventeen se
ries (4 sources) were counted at ambient while 10 series (2 
of the 4 sources) were counted during cooling to —196° in 
a Dewar during 135 min in each case; 13 series (1 source) 
were counted using the aqueous solution of CsCl.

Statistical Tests
The nonserial tests listed herein involved comparisons 

of observed distributions with the theoretic expectation 
using (1) the x2 goodness-of-fit test of frequencies of ob
served counts per unit time with frequencies of actual 
Poisson generated counts and (2) the index of dispersion 
(s2/m) employing each group of 1024 sequential count to
tals as an independent set of data. In addition, the linear 
correlation coefficient and the regression slope (and, as 
recorded in the supplemental notes, the autocorrelation 
coefficients using lags of 1 through 320 in each set of data) 
have been calculated for each set of 1024 automatically 
time-sequenced counting series.9

No attempt was made directly to derive statistics from 
among the several sets (such as common means or cross 
correlations) since the starting points (in time) of each set 
were always initiated manually and somewhat arbitrarily. 
Once derived, statistical indices have been combined with 
others calculated similarly (as the sum of the squares) in 
order to examine overall probabilities for many sets of 
data observed under the homogeneous conditions listed 
above.

To facilitate analysis, linear correlation coefficients 
were converted to values (that would have an approximate 
0,1 normal distribution if they were derived from random 
data) by means of the “ z”  transformation, i.e., by calcu
lating the hyperbolic arc tangent of each (= 0.5 In 1(1 + 
r ) /( l  — r)|), by subtracting the approximate theoretic mean 
( = 0), and by dividing by the approximate theoretic 
standard deviation ( = 1 f(n  -  3)1/2 = 0.031296).10 The sum 
of the squares—and the mean square (called s2/a2 in the 
tables)—was then calculated, separately, for the stan
dardized hyperbolic arc tangents of the correlation coef
ficients. Each sum of squared standardized values is 
distributed (approximately) as x2 with the degrees of 
freedom equal to the number of independent data sets.

Since the regression slopes are theoretically normally- 
distributed, they were 0.1 standardized merely by sub
tracting the theoretic mean (=  0) and by dividing by the 
best estimate of the theoretic standard deviation (= \m/ 
2 (f, — f)2112).11 Since m is itself a variable, derived 
from a Poisson distribution, the resulting 0,1 standardized 
distribution is not. strictly speaking, normally distributed. 
However when the slope variance for each data set is 
accumulated by summation of the squared 0,1 standard
ized slopes, the summation within each homogeneous 
grouping is almost identical with the similar measure of 
the overall variance obtained by substituting the value 
\m(n — 1)! for |2 (a, -  m)2) followed by calculating the 
individual values by means of the “ z” transformation, 
thus indicating that the deviation from the 0.1 distribu
tion is relatively insignificant at least for the variance 
analysis employed herein.

Since independently (as well be seen in Table I) the 
index of dispersion (s2/m) has been found to approximate
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TABLE I: Non-serial Tests and Probabilities

Source (data sets)a

X2 Test (Poisson) Index of dispersion

X 2/ D F  (D.F.) pt. s2/m  (D.F.) P*

(1 a) 60Co: S teady S ta te  (40) 0 .993 (3188) 0 .997 (40920)
: _ow Tem p (49) 0 .982 (3610) 1.001 (50127)
: W arm up  (22) 0 .990 (1226) 1.006 (22506)

C o m b i n e d  (111) 0 .988 (8024) 0 .2 1 7 1.001 (113553) 0 .5 5 3
(1b) 137Cs: S teady S ta te  (54) 0.991 (4322) 0 .996 (55242)

: Low  Tem p (4) 1.120 ( 226) 1.011 ( 4092)
: W arm up  (4) 0 .987 ( 222) 1.021 ( 4092)

C o m b i n e d  (62) 0 .997 (4770) 0 .4 4 3 0.999 (63426) 0 .4 0 1

(2) ,37Cs: S teady S ta te  (41) 0 .980 (3477) 0 .995 (41943)
: Low  Tem p (8) 0 .973 ( 575) 0 .998 ( 8184)

C o m b i n e d  (49) 0 .979 (4052) 0 .1 7 3 0.996 (50127) 0 .2 3 8

(3) 137Cs: Aq. S o lu tion  (13) 1.008 (1191) 0 .986 (13299)
: C rys. SS (17) 1.030 (1106) 0 .996 (17391)
: C rys. LT (10) 1.006 ( 589) 0 .975 (10230)

C o m b i n e d  (40) 1.023 (2866) 0 .7 3 1 0.988 (40920) 0 .0 3 6

R andom ly ge ne ra ted  (90) 0 .985 (7870) 0 .1 7 4 0.997 (92070) 0 .2 6 0

a Groups 1a and 1b or nongrounded Al; group 2 on grounded Al; group 3 in plastic (acetate) encapsulation. b Probability (P) is expressed as the likeli-
hood that a value of the statistic (of the same O' lesser size) would be observed in a random distribution.

TABLE II: Serial Tests and Probabilities

Linear correlation
coefficient (r), Degrees of Linear

Source“ s 2/ f f 2 freedom slope { b ) c  s 2/ a 2 Probability, P b

(1a) 60Co: SS 2.013 40 1.971 d

: LT 1.244 49 1.232
: WU 0.840 22 0.849

C o m b i n e d 1.441 111 1.422 0 .9 9 8

(1b) 137Cs: SS 2.890 54 2.843 d

: LT 1.966 4 1.973
: W U 1.007 4 1.026

C o m b i n e d 2.709 62 2.670 > 0 . 9 9 9 9

(2) ,37Cs: SS 0.682 41 0.683 d

: LT 0.461 8 0.451
C o m b i n e d 0.646 49 0.645 0 .0 2 5

(3) ,37Cs: AS 0.256 13 0.2561 d
: SS 0.656 17 0 .6 3 3 )
: LT 0.629 10 0.613

C o m b i n e d 0.5.19 40 0.506 0 .0 0 4

R andom  ge nera ted 1.011 1024 1.008 0 .5 7 7

a'h Same as in Table I. c Values of s 2/ â 2 (combined) based on randomly rearranged data are 1a: 1.016; 1b: 1.036; 2: 0.866; and 3: 0.984. d P’s are 1a-
(SS): 0.9998; 1b(SS): >0.9999; 2(SS): 0.061; 3(SS +  4 S): 0.006.

unity in each group of data sets, the mean square of the Results
standardized slopes within each such group would be ex-
pected to be (and is—Table II) almost identical with that The results of the analyses are given in Tables I and II.
of the 0.1 standardized correlation coefficients. These tables list summaries of all the runs made and

A large number of data sets of random deviates fit to a known to the authors which meet the aforesaid counting
Gaussian distribution and truncated to iniegers—a very conditions during the period Dec 10, 1971 through Oct 31,
close approximation to the Poisson for the mean involved 1972. No runs have been omitted from the analyses other
(ca. 529)—were generated using the IBM RANDU sub- than the two previously noted which had at least one zero
routine and employing continually changing starting total in each.
values. These sets of random deviates were then analyzed Based on the 262 data sets derived from the radioactive
using the same computer programs as were used with the 7 emissions as well as on those from the computer gener-
detected emissions sets. ated random deviates, the nonse''ial x2 tests and the

To test further for the existence o: serial relationships index of dispersion comparisons a *e, with one marginal
in the data sets based on radioactive emissions, each set exception, well within the 0.05 probability limit: the non-
of count totals was shuffled randomly with respect to serial tests do not differentiate the distributions of ran-
order (using a RANDU type subroutine) prior to recalcu
lating each regression slope and the variance of 0,1 
standardized statistics based on each randomized order.

domly generated numbers or those of the radioactive 
counting sequences from the theoretic (random) expecta
tion. With the exception of ref 1 and 3 as noted, this con-
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elusion is entirely consistent with the recorded literature 
known to the authors.

On the other hand, using the same 262 data sets derived 
from the radioactive emissions, the tests of the linear cor
relation coefficients (r) and of the slopes of the linear re
gressions (6) show marked deviations from the expecta
tion: all probabilities, when grouped as shown in Table II, 
lie outside 0.05P and three fourths are well outside 
0.01P.12 However when the order within each set is ran
domized, the sets cannot be differentiated from the expec
tation with respect to these same statistical tests (Table 
II, footnote c). Similar tests of the sets based on the ran
domly generated numbers also cannot be differentiated 
from the expectation.

Table II, footnote d, also lists the probabilities associ
ated with the variances of the regression slopes when only 
“ steady state” counting environments are considered. 
Again, three of the four groups have probabilities which 
lie outside 0.01P. While the value of 0.06P for group 2 is 
within the 0.05P limit, when these 41 sets of 1024 were 
subdivided into 82 half-sets (41 x 1-512 and 41 X 513- 
1024), the mean square (s2/<r2) of standardized half-to-half 
slopes was 0.553—the probability associated with this 
value is 0.0003P.

The serial tests also indicate a rather pronounced effect 
due to lowering the source temperature and subsequent 
raising of the source temperature to ambient. In all four 
groups the effect of lowering the temperature was to lower 
the variance of the correlation coefficients and the slopes. 
However only in group la were sufficient runs carried out 
to draw this conclusion with any reasonable degree of an 
assurance of repeatability. Whether the effect is. in fact, 
an effect of temperature, per se, or of changing the elec
tronic environment (by contact of the metal substrate 
with the liquid nitrogen in groups la and lb) has not been 
determined.

Discussion

In experimental testing of the hypothesis of randomness 
by measuring emissions of radioactive decay events, the 
conformance of the data distributions as shown by nonser
ial statistical tests with the theoretic (random) expecta
tion must be considered necessary but insufficient proof 
that the data are, in fact, random. Thus the nonconform
ing serial statistical tests such as are illustrated in Table 
II raise substantial questions relative to the general appli
cability of the thesis of randomness.

The existence of both significantly high and low serial 
tests does not in itself suggest that the nonserial tests are 
faulty—but it does imply that such tests fail to measure 
the nonrandom characteristics shown by the serial ones.

Even though the present work was originally undertak
en to explore the possibility that additional examples of 
low or restricted values of the index of dispersion might be 
observed, the marked similarity of the variance tests of 
the 0.1 standardardized slopes of the regressions with 
those of the correlation coefficients as well as the agree
ment with theoretical expectation of the index of disper
sion values indicates that variance per se does not con
tribute significantly to the observed anomalies reported 
herein.

Possible artifactual errors which might contribute to the 
nonconformance of serial statistics can be classified as 
faults in the experimental design or as equipment-based 
shortcomings such as drift.

Adventitious movement of the source with respect to 
the detector (during the 13.7 min of counting 137Cs or 6.9 
min of counting the 60Co series) would cause an arti- 
factual increase both in the nonserial and serial tests used 
in this paper. Also any time-phased change in detected 
emissions during cooling (by adventitious condensation of 
moisture in the path of the emissions, for example) must 
also result in an increase of the several statistics. Neither 
can cause a decrease in the variance of the slopes of the 
regressions however. Thus since the high values of the 
variances of the slopes (and of the correlation coefficients) 
have been observed during “ steady state” counting of 
nongrounded sources only, the authors have concluded 
that such artifactual effects have not occurred to any sig
nificant degree.

A discussion of the effect of small angle detectors was 
included in ref 1 (supplemental note 1). To determine sta
tistical properties of radioactive emissions, the use of such 
detectors (assuming independent decay events and ran
dom emissions) can be considered as noncasual for statis
tical abnormalities insofar as the detected emissions are 
concerned with the single exception (b) discussed below. 
Since all the statistics discussed in this paper depend only 
on detected emissions, such a conclusion also applies here.

If emissions (between decay events and detection) are 
pushed into or out of the solid angle detection zone delib
erately or adventitiously one of two effects result .

(a) If the number of detected emissions is consistently 
increased (or decreased), the net effect is to enlarge (or 
make smaller) the solid angle detection zone. From the 
standpoint of the detector it is as if the source were larger 
(or smaller) than it actually is. This situation has, in it
self. no adverse effect on any of the statistical analyses 
employed in this paper.

(b) If the number of detected emissions is inconsistently 
increased or decreased or both within the overall elapsed 
time of each 1024 data set, the observed counts would 
vary more than would be expected on the basis of random 
emissions. Such an effect would overall be manifested by 
an increase both in the index of dispersion (s2/m) and in 
the .s 2 / it 2  of the regression slopes. Since the s2/ a2 statistic 
is less than is expected in groups 2 and 3, the likelihood 
that such an artifact would be causal of the overall phe
nomenon is very low.

Within the subject of potential equipment-based arti
facts, only the inherent drift of the detector-PMT appears 
to be of such a magnitude as to influence the slope vari
ances (or those of the correlation coefficients) to any ex
tent at all. The rest of the equipment (preamplifier to 
printout) was independently shown to be artifact-free—at 
least during the course of the specific equipment checks 
cited; further, the method of temperature stabilization of 
the detector-PMT and the use of the highly stabilized 
high-voltage supply appears to preclude any possible arti
fact from such causes.

For purposes of discussion this inherent drift capability 
can be separated into two components: long-term drift 
and short-term drift in which the term short term drift re
fers to shift of the PMT output within the time of accu
mulation of an individual data set. In each case the effect 
of drift is to change the count rate and the number of 
counts within the data set artifactually.

According to the manufacturer (c/. note 8), the short
term drift is rarely if ever greater in magnitude than the 
long-term drift, and thus the showing below that the long
term drift (as shown by mean shift) is of a very low order
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TABLE III: Compressed data for 23 Data Sets“

Group Run Mean +  (deviations from mean)6 Intercept and slope6 +  (deviations from linear trend)6

1a

1b

3 AS

Z20 519.5 + ( -3 .1 ,
+  1.4, +  2.8)

Z97 486.5 + ( +  2.2,
-0 .7 , -2 .3 )

X01 714.3 + ( -1 .8 ,
+  2.6, - 0 .2 )

V04 328.5 + ( -0 .4 ,
+  1.0, +  1.0)

Q01 305.5 + ( +  2.5,
- o .o , -2 .1 )

Q11 371.8 + ( -1 .9 ,
+  0.8, +  0.7)

Q18 408.0 + ( -3 .9 ,
+  1.1, +  2.8)

Q19 360.0 + ( +  3.0,
- 1 .5 , -0 .3 )

VCB 384.7 + ( +  1.4,
- 2 .3 , - 2 .8 )

QQ3 542.2 + ( +  3.3,
- 1 .1 , - 0 .4 )

Q61 550.4 + ( +  0.1,
+  0.0, +  0.5)

Q62 551.2 + ( -0 .0 ,
+  0.6, -2 .2 )

Q63 551.0 + ( -0 .7 ,
+  0.4, -0 .3 )

Q64 551.2 + ( +  0.6,
+  1.1, +  0.3)

Q65 550.6 + ( -0 .2 ,
+  0.1, +  0.4)

Q66 549.2 + ( -1 .2 ,
- 0 .3 , +  0.3)

Q67 550.3 +  ( +  0.9, -
+  0.4, -0 .1 )

Q68 549.9 + ( +  0.5,
+  1.3, +  0.0)

Q69 550.1 + ( -0 .0 ,
- 0 .4 , +  0.4)

Q70 549.8 + ( +  0.6,
- 0 .3 , -0 .0 )

Q71 549.5 + ( -0 .7 ,
+  1.5, - 0 .5 )

Q72 549.6 + ( +  1.3,
+  0.8, -0 .8 )

Q73 549.9 + ( +  0.5,
- 1 .0 , +  0.6)

- 2 .5 , - 2 . 5 , - 0 .8 , + 2 .0 , + 2 .7 ,

- 0 . 3 , +  1.3, - 0 .5 , +  1.2, - 0 .9 ,

- 1 . 8 , +  0.7, - 0 .4 , +  0.3, + 0 .7 ,

- 2 .4 , - 1 .1 , - 0 .3 , +  1.3, +  0.9

+  0.9, +  1.9, - 1 .1 , - 0 .9 , - 1 .1 ,

- 1 . 8 , - 1 . 7 , +  1.3, + 0 .7 , +  1.7,

- 2 . 2 , - 0 . 8 , +  1.5, +  0.9, +  0.6,

+  0.8, +  0.0, - 0 .8 , - 0 . 6 , - 0 .7 ,

+  2 .5 , +  1.9, +  1.7, - 0 . 4 , - 2 .0 ,

- 0 . 3 , +  1.0, +  0.0, - 1 .6 , - 0 .9 ,

- 0 . 9 , +  0.1, - 0 .8 , +  1.1, - 0 .2 ,

- 1 . 3 , +  0.8, +  1.8, + 0 .6 , - 0 .2 ,

+  0.2, +  1.9, - 0 .2 , - 1 . 0 , - 0 .3 ,

- 1 .5 , - 0 .4 , +  0.4, +  1.0, - 1 .5 ,

+  0.2, - 1 .3 , +  2.1, - 0 .9 , - 0 .4 ,

+  0 .7 , +  0.1, +  0.3, + 0 .3 , - 0 .1 ,

-0 ,4 , + 0 .3 ,  - -0 .7 , --0 .6 , + 0 .3 ,

- 0 .4 , — 1.5, - 0 .6 , + 0 .1 , +  0.5,

+  ' . 2 , - 0 . 8 , - 1 .0 , +  0.5, + 0 .2 ,

+  0 .2 , - 1 .0 , +  0.8, - o .o , - 0 .3 ,

+  0.2, +  1.1, - 1 .6 . - 0 .5 , +  0.6,

- 1 . 5 , - 0 . 4 , -0 .4 , +  0.3, + 0 .7 ,

- 0 .1 , +  0.6, - 0 .6 , - 0 .6 , + 0 .5 ,

515.2  +  0.94/7 +  ( +  0.2, 
+  1.3, - 1 . 0 ,  - 0 .5 )

488.6 -  0.45n +  ( +  0.6, 
-0 .2 , +0.4, -0 .7 )

712.5 +  0.41/1 +  (-0 .4 , 
+ 0.1, + 1.6, - 1.6)

326.7 +  0.40/1 +  ( +  1.0, 
+  0.3, +0.0, -0 .5 )

308.0  -  0 .55  n +  ( +  0.6. 
- 0 . 2 ,  + 1 .3 ,  - 0 . 2 )

369.6 +  0.49/7 +  ( - 0 . 2 ,  
+  1.0, - 0 .4 ,  - 1 .0 )

404.4  +  0 .80n +  ( - 1 . 1 ,  
- 0 . 6 ,  - 0 . 9 ,  + 0 .0 )

362.0 -  0.44/7 +  ( +  1.5, 
- 0 . 0 ,  - 0 . 4 ,  + 1 .2 )

388.3 -  0.80/7 +  ( - 1 .4 ,  
— 0.8, - 0 . 3 ,  - 0 . 0 )

544.2  -  0.44/7 +  ( +  1.7, 
- 0 . 2 ,  + C .0 , + 1 .1 )

550.0 +  0.10/1 +  ( +  0.5, 
- 0 . 4 ,  - 0 .2 ,  + 0 .2 )

551.8 -  0 .1 2n +  ( - 0 . 5 ,  
- 0 . 0 ,  + 0  9, - 1 .8 )

551.2  -  0 .0 4n +  ( - 0 . 8 ,  
- 0 . 2 ,  + 0  5, - 0 .2 )

550.7 +  0.1 On +  ( +  0.9, 
-1 .6 , +0.9, -0 .1 )

550.4 +  0 .04n +  ( - 0 . 1 ,  
- 0 . 5 ,  - 0 . 0 ,  + 0 .2 )

548.9 +  0 .06n +  ( - 0 . 9 ,  
- 0 . 2 ,  - 0 . 5 ,  + 0 .1 )

550.5 -  0 .04n +  (+ 0 .8 ,  
+  0.3 , + 0 .5 ,  - 0 . 0 )

54 9 .3  +  0.14/1 +  ( +  1.0, 
+  0.3 , + 1 .0 ,  - 0 . 4 )

550.1 -  0.01/7 +  ( - 0 .0 ,  
+  0.2 , - 0 . 4 ,  + 0 .4 )

550.1 -  0.07n +  ( +  0.3, 
- 0.2, - 0.2, + 0.2)

549.1 +  0.08/1 +  ( - 0 . 4 ,  
+  0.4, + 1 .3 ,  - 0 . 8 )

549.5 +  0.01/7 +  ( +  1.3, 
+  0.6 , + 0 .3 ,  - 0 . 8 )

550.1 -  0.06/7 +  ( +  0.3, 
+  0.6 , - 0 . 3 ,  + 0 .8 )

- 0 .2 ,  - 1 .1 ,  - 0 .3 ,  + 1 .5 , 

-1 .4 ,  + 0 .6 , - 0 .7 ,  +1 .4 , 

- 0 .8 ,  + 1 .4 , - 0 .2 ,  + 0 .1 . 

-1 .4 ,  - 0 .5 ,  - 0 .1 ,  + 1 .1 , 

- 0 .5 ,  + 1 .0 , - 1 .4 ,  - 0 .6 ,  

- 0 .6 ,  - 1 .0 ,  + 1 .6 , + 0 .5 , 

- 0 .2 ,  + 0 .4 , + 1 .9 , + 0 .5 , 

-0 .3 ,  -0 .6 ,  -1 .0 ,  - 0 .4 ,  

+  0.5, + 0 .7 , + 1 .3 , + 0 .0 , 

- 1 .4 ,  + 0 .4 , - 0 .2 ,  - 1 .4 ,  

-0.6, +0.2, -0.8, +1.1, 

- 1 .6 ,  + 0 .6 , + 1 .7 , + 0 .7 , 

+ 0.1, +1.8, -0.2, -1.0, 

- 1 .3 ,  - 0 .2 ,  + 0 .4 , + 1 .0 , 

+  0.3, - 1 .2 ,  + 2 .2 , - 0 .9 ,  

+  0.8, + 0 .1 , + 0 .3 , + 0 .3 , 

- 0 .5 ,  + 0 .2 , - 0 .7 ,  -0 .6 ,  

- 0 .0 ,  - 1 .3 ,  - 0 .6 ,  + 0 .1 , 

+  1.2, - 0 .8 ,  - 1 .0 ,  + 0 .5 , 

+ 0.1, -1.1, +0.8, +0.0, 

+  0.4, + 1 .2 , - 1 .6 ,  - 0 .5 ,  

- 1 .5 ,  - 0 .4 ,  - 0 .4 ,  + 0 .3 , 

-0.2, +0.6, -0.6, -0.6,

“  Compressed data calculated as 2V sum  of 128 count totals. 6 The entries in the line for Q01, for example, correspond to observed 2 v  count values of
305.5 +  2.5 =  308.0. 305.5 +  0.9 =  306.4, 305 5 +  1.9 =  307.4 (and so on) on the left and to 308.0 -  1 (0.55) +  0.6 =  308.0. 308.0 -  2(0.55) -  0.5 = 
306.4. 308.0 -  3(0.55) +  1.0 =  307.4 (and so on) on the right. (Occasional discrepancies of ±0.1 or ±0 .2  in other lines are due to rounding. c Since 
2(77 — n )2 = 42, the rms coefficient of n for Poisson randomness should be about 0.15.

is presumptive evidence that the short-term drift is also of 
a low order.

Long term drift is often stated in terms of drift per day 
or drift per 8 hr. Although the authors have drawn, in this 
paper, no detailed statistical conclusions based on mean 
shifts over long periods (e.g., 8 hr), such shifts have in
deed been examined. Thus when six series encompassing 
70 data sets (35 sets in daily sequences of 10, 12, and 13 
series based on grounded aluminum substrates—group 
2—and a similar 35 sets based oh nongrounded substrates 
—group lb) were examined, the largest apparent 8-hr 
shift amounted to only ca. 0.6% or, if .inear over this 8-hr 
period, only ca. 0.02% per 13.7 min counting period. In

these same six series, essentially no overall mean shift was 
observed in three of them. The largest set-to-set shift 
within each of these six series was under 0.5%—just in ex
cess of a not too unexpected 3<x, assuming the Poisson 
applies. For a mean of 400 counts, the maximal long term 
mean shift, if linear, thus amounts to only ± 0.1 count 
over each 1024 count set, a change which is, overall, insig
nificant with respect to increased slope variance.

In these considerations it is necessary to differentiate 
mean shift from drift of the PMT since (as mentioned in 
the Experimental Section) drift is not linearly related to 
mean shift (the drift affects photopeak position within the 
particular SCA window settings employed). The observed
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long-term mean shift (and even the short-term ones) may 
also be due to factors other than PMT drift per se, such as 
small, nonrecorded adjustments in the source-detector 
geometry, excessive (but not expected) temperature 
changes in the ambient, and/or even a randomness type 
factor in decay itself. (Note: The authors recognize that 
this argument relative to mean shift based on radioactive 
counting is open to some question since the results of this 
paper raise substantial questions relative to randomness 
of detected emissions. However, no better evidence of 
PMT behavior is available since the 7 ’s required to pulse 
the detector-PMT cannot readily be generated in any 
other way.)

The potential effect of short-term drift on the output of 
the detector-PMT (and the resultant effect on the detect
ed counts) was also discussed in the Experimental Sec
tion. The maximal expected drift was shown to be of only 
small moment (<  0.5<r) under the conditions cited, a find
ing which is entirely consistent with the observations of 
mean shift cited.

Certainly for high variance values of the regression 
slopes, the small (but not negligible) potential drift of the 
detector-PMT might be responsible for a minor portion of 
the observed variances but in no manner can it be caus
ative in the two groups exhibiting low slope variances. Ac
tually, if such drift is indeed a factor in any appreciable 
degree in the high variance examples (groups la and lb), 
the low variances of groups 2 and 3 are likely to be under
stated (i.e., the listed results are likely to be higher than 
they would have been in the absence of drift).

In the two cases of nongrounded substrates (groups la 
and lb), there existed ten data sets (out of the 173 listed 
ones) in which the values of the standardized slopes of the 
linear regressions were above 2.56 (i.e., the 1% level of sig
nificance) whereas only two are expected. These ten con
tribute greatly to :he excessively high levels of the vari
ances since the variance is proportional to the sum of 
squares of such standardized values. Of these ten, none 
was individually unusual in the nonserial tests; the overall 
index of dispersion for these ten was 0.994 which is indis
tinguishable from the overall value of all 173 runs.

One of the referees suggested that it might be instruc
tive to list the values of these ten series in compressed 
form as 2v sum of 128 counts since, for Poisson distribu
tions, 2Vsum -  mean has very nearly unit variance. Thus 
the sizes of changes from the expectation on the approxi
mately minute-to-minute time scale can be appreciated. 
Table III lists the deviations of such double-square-roots- 
from-run-means for each of these ten series and the devia
tions from the linear trend in each case as well. (In the 
table note that run Q ll may be a step change.) Also in
cluded in Table III for comparison purposes are similar 
analyses of the 13 data sets that comprise the aqueous so
lution runs of group 3; these latter represent a series in 
which the variances of the slopes are extremely low.

It is of interest that excessive mean shifts have pre
viously been reported during counting of ^-emissions from 
thin layers of carbon-14 containing material when the 
source holder was nongrounded; the authors apparently 
did not question the statistics of counting, however.13 A 
significant statistical effect associated with nongrounded 
substrates was, however, observed during counting of the 
carbon-14 submonolayers previously cited.1

While the meaning of high (or low) variance of the re
gression slopes can be interpreted as higher than expected 
(or lower than expected) shift of the mean, a similar anal

ysis of the high and more particularly of the low variances 
of the linear correlation coefficient does not appear to 
have such a straightforward physical explanation. At this 
time all the authors wish to conclude with respect to these 
serial tests is that they show that the time-related order of 
the data is not consistent with random expectation. Other 
serial tests might also have been used, permitting in
creased (or decreased) definition of the nonrandom phe
nomenon herein described.

Conclusion
7 Emissions detected following radioactive decay of co- 

balt-60 and cesium-137 nuclei deviate significantly from 
the theoretic (random) expectation as shown by tests of 
serial statistics even though nonserial tests fail to differ
entiate the same data distributions from the (random) ex
pectation. Insofar as emissions and decay events are ap
propriately interrelated, the evidence is inconsistent with 
the thesis of decay independence.
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COMMUNICATIONS TO THE EDITOR

Periodicity in the Rate of Heat Evolution during 
the Temporal Oscillation in the
2,4-Pentanedione-Bromate-Catalyst System

Sir: Recently Bowers, Caldwell, and Prendergast1 claimed 
that during the oxidation of 2,4-pentanedione with bro- 
mate in the presence of manganese(II) as a catalyst tem
poral chemical oscillation occurred which could be fol
lowed spectrophotometrically.

In the course of our studies on the Belousov-Zhabotin- 
sky type oscillating chemical reaction2-3 we started to in
vestigate the heat changes accompanying the temporal 
concentration oscillations.4 (Earlier observations in this 
field have been reported by Franck and Geiseler,5 and by 
Busse.6) We have found that the rate of heat evolution is 
periodic in character; the high rate of heat evolution is 
synchronized with an abrupt increase in the redox poten
tial and a sudden decrease in the bromide concentration.

We regarded it of interest to find out what heat changes 
accompany the oscillating reaction described by Bowers, 
et al. , 1 and to compare these findings with those obtained 
with the malonic acid-bromate-catalyst systems. In both 
cases manganese(II) and cerium(III) were used as cata
lysts.

The calorimetric measurements were performed as de
scribed previously.4 The redox potential was recorded 
against a smooth platinum electrode, and a double junc
tion calomel reference electrode was used with a 10% po
tassium nitrate solution making contact with the reaction 
mixture. Unfortunately in the case of 2,4-pentanedione 
the bromide concentration could not be recorded with a 
bromide selective solid-state electrode which we had 
found to be the most suitable7 and which was used 
throughout our studies on the Belousov-Zhabotinsky reac
tion.2-3 Namely, 2,4-pentanedione attacked the plastic 
body of the electrode making the function of it unreliable. 
Also an Ag|AgBr electrode could not be applied since its 
proper function was handicapped by the high sulfuric acid 
concentration (1 M) and the oxidizing nature of the oscil
lating system. The solutions were stirred.

The heat and potential vs. time curves for the.four sys
tems are shown in Figures 1-4.

The malonic acid-bromate-catalyst systems exhibit 
very similar curves (Figures 1 and 2) only the heat evolu
tion and the potential change in a single step is greater 
with manganese as a catalyst; this means that the amount 
of reactants transformed in one period is greater.

The 2,4-pentanedione-bromate-catalyst systems, how
ever, differ considerably both from the other system and 
also from each other, i.e., the curves are considerably dif
ferent when manganese is replaced by cerium.

Figure 3 shows the manganese-catalyzed system. After 
mixing the reagents the temporal chemical oscillation 
starts immediately. In the early period of the reaction the 
heat output during one oscillation is large and it decreases

Figure 1. Typical potential (I) and temperature (II) against time 
curves tor the chemical system containing malonic acid (0.4 
M),  KBr03 (0.1 M) , MnS04 (0.0046 M),  and H2S 04 (0.5 M) at 
25°.

Figure 2. Typical potential (I) and temperature (II) against time 
curves for the chemical system containing malonic acid (0.3 
M), KBr03 (0.1 M), Ce(N03)3 (0.0046 M),  and H2S 04 (0.5 M) 
at 25°.

considerably in time; the reaction proceeds with a strong
ly damped character. The chemical oscillation is observ
able also by color change of the solution, as it has been 
reported by Bowers, et al. : 1 the colorless solution at the 
sudden potential and temperature jumps turns yellow. 
The potential change of this system shows over- and 
under-shoots. This probably involves manganese(IV) for
mation. After a certain period of time especially above 30°
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Figure 3. Typical potential (I) and temperature (II) against time 
curves for the chemical system containing 2,4-pentanedione 
(0.05 M),  KBr03 (0.07 M),  MnS04 (0.045 M),  and H2S 04 (1 M) 
at 25°.

Figure 4. Typical potential (I) and temperature (II) against time 
curves for the chemical system containing 2,4-pentanedione 
(0.05 M),  KBr03 (0.07 M),  Ce(N03)3 (0.046 M),  and H2S04 (1 
M) at 25°.

a dark brown precipitate (hydrated manganese(IV) oxide) 
separated.

The behavior of the cerium-catalyzed system is given in 
Figure 4. After an induction period of 1 hr, only a few 
(three-four) oscillations were observable. Small tempera
ture jumps and small potential changes indicated the os
cillating period of The reaction. This was followed by a 
great heat output; further heat evolution and potential os
cillations. however, did not occur. The large heat output 
is not associated with a change in the redox potential; 
thus it can be assumed that a direct reaction occurs be
tween the brominated dione and bromate.

Comparing the 2.4-pentanedione-bromate-catalyst and 
the malonic acid-bromate-catalyst oscillating systems it 
can be established that there should be considerable dif
ference in the mechanism of the reactions. In the malonic 
acid system the reaction between bromomalonic acid 
(which has formed in the course of the reaction) and the 
oxidized form of the catalyst generated the bromide ions, 
which later play an important role in switching on and off 
an autocatalytic reaction and thus controlling the steady- 
state concentration of HBrC>2 (for details see ref 3). The

role of bromide ions can not be excluded even in the case 
of the 2,4-pentanedione-bromate-catalyst system; the 
mechanisms, however, are more involved owing to the 
separation of a precipitate in a later period of the reac
tion. Especially the peculiar behavior of the cerium-cata
lyzed system needs extensive investigations.
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ADDITIONS AND CORRECTIONS

1970, Volume 74
Sang Hyung Kim, Terrell N. Andersen, and Henry 

Eyring: Structure of Electrical Double Layer between 
Mercury and Dimethyl Sulfoxide in the Presence of Chlo
ride Ions.

Page 4557. Equation 2 should read
-d£~ =  ~E~dq +  T+dq (2)

Page 4558. Equation 4 should read

$  =  % y  - +  j y ^ d / r )  (4)

Page 4559. Equation 9b should read

Page 4562. Left hand column, the second line: “ .. . or 
l 45 pC/cm2” should read “ . . . or - l 45 ^C/cm2.” —Sang 
Hyung Kim.

1973, Volume 77
Russell Y. Yanagida, Allen A. Amaro, and Karl Seff:

A Redetermination of the Crystal Structure of Dehydrated 
Zeolite 4A.

Page 805. The captions to Supplementary Tables I and

II, which appear in the microfilm edition only, should 
both read 10Fo and 10Ft. instead of F0 and Fc.—Karl Seff.

Sang Hyung Kim and B. T. Rubin: Theoretical Free 
Energy of Activation for Dehydration of Hydrated Ions in 
Solution.

Page 1248. Right-hand column at bottom of page: 
“ AGsea° > 0 for CD . . . ” should read “ AGSea° < 0 for 
CD....”

Page 1249. Left-hand column, line 9 below Table III: 
“CD < Br" < D ” should read “CD > Br > I .” Also, 
line 12 below Table III: “ D  < Br- < CD” should read 
“ D  > Br > C D .” —Sang Hyung Kim.

K. Klier, J. H. Shen, and A. C. Zettlemoyer: Water 
on Silica and Silicate Surfaces. I. Partially Hydrophobic 
Silicas.

Page 1459. In Table I, line 1, column 3 should read 58 
instead of 87. Line 1, column 4 should read 23 instead of 
34.

Page 1460. In Figure 2, the symbols accompanying the 
legend inside the picture should be replaced by the sym
bols given in the caption below the picture.—K. Klier.
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s u b s t i t u t e d  m e t h a n e s  a n d  d e u t e r i u m  
a t o m s  w i t h  c h lo r o io d id e .  2 4 9 9  

J o h n s o n ,  T .  J .  I r o n - n i t r o s y l  c o m p le x e s  
f o r m e d  in  z e o l i t e s .  2 9 6 4  

J o h n s t o n ,  H .  G a s - p h a s e  u l t r a v i o l e t  a b s o r p =  
t i o n  s p e c t r u m  o f  n i t r i c  a c id  v a p o r .  62

J o h n s t o n ,  H .  S . P h o t o l y s i s  o f  n i t r o g e n  
d io x id e  t o  p r o d u c e  t r a n s i e n t  a t o m ic  
o x y g e n ,  n i t r o g e n  t r i o x i d e  (NO3), a n d  
d i n i t r o g e n  p e n t o x id e  (N2O5). 1 1 5 3  

J o l i c o e u r ,  C . N e a r - i n f r a r e d  s t u d y  o f  th e  
s t a t e  o f  w a t e r  i n  a q u e o u s  s o lu t io n s  o f  
t e t r a a l k y l a m m o n i u m  a n d  - p h o s p h o n iu m  
b r o m id e s  a n d  a l k a l i  h a l id e s  a t  1 0 , 2 5 , 
a n d  4 0 ° . 3 0 7 1

J o n a h ,  C . D .  Y ie ld s  a n d  d e c a y  o f  th e
h y d r a t e d  e le c t r o n  a t  t i m e s  g r e a t e r  t h a n  
2 0 0  p ic o s e c o n d s .  1 8 3 8  

J o n a h ,  C . D .  R a d i o l y t i c  y i e l d s  o f  h y d r a t e d  
e le c t r o n s  a t  3 0  t o  1 0 0 0  p ic o s e c o n d s  a f t e r  
e n e r g y  a b s o r p t i o n .  4 2 5  

J o n a s ,  J .  E f f e c t  o f  p r e s s u r e  o n  t h e  o v e r a l l  
a n d  i n t e r n a l  r o t a t i o n  i n  l i q u i d  b e n z y l  
c y a n id e .  1 7 6 8

J o n e s ,  P .  R .  P h o t o c h e m ic a l  s t u d ie s  o n  
o z o n e  w i t h  c a r b o n  d i s u l f i d e  a n d  w i t h  
c a r b o n y l  s u l f i d e  i n  l o w - t e m p e r a t u r e  
m a t r i x e s .  1 0 0 7

J o r d a n ,  A .  D .  N u c l e a r  m a g n e t i c  r e s o n a n c e  
i n v e s t i g a t i o n  o f  e x c h a n g e  b e t w e e n  c h lo =  
r i n e  a n d  c h l o r i d e  io n  i n  a q u e o u s  s o lu t i o n  
2 1 4 9

J o r d a n ,  F .  A c i d i t y  s c a le s  i n  m ix e d  w a t e r - =  
a c e t o n i t r i l e  b u f f e r  s o lu t io n s .  2 6 8 1  

J o r d a n ,  R .  B . N u c l e a r  m a g n e t i c  r e s o n a n c e  
i n v e s t i g a t i o n  o f  e x c h a n g e  b e t w e e n  c h l o ^  
r i n e  a n d  c h l o r i d e  io n  i n  a q u e o u s  s o lu t io n  
2 1 4 9

J o r t n e r ,  J .  R a d i a t i v e  p r o c e s s e s  o f  th e  
s o l v a t e d  e le c t r o n  i n  p o l a r  f l u i d s .  1 0 4 0  

J u n g ,  K  H .  K in e t i c s  o f  t h e  t h e r m a l  d is s o c i  =  
a t i o n  o f  t e t r a f l u o r o h y d r a z i n e .  7 3 4  

K a j i m o t o ,  O . B im o l e c u l a r  d i s s o c ia t i o n  o f  
c y a n o g e n  b e h in d  i n c i d e n t  s h o c k  w a v e s .
5 7 5

K a m o ,  N .  E f f e c t i v e  f i x e d  c h a r g e  d e n s i t y  
g o v e r n i n g  m e m b r a n e  p h e n o m e n a .  V .  
R e d u c e d  e x p r e s s io n  o f  p e r m s e l e c t i v i t y .
92

K a p u r ,  V .  K .  N i t r o g e n - 1 4  c o n t a c t  s h i f t s  
a n d  l i n e  b r o a d e n in g  s t u d ie s  f o r  a c e t o n i=  
t r i l e  c o m p le x e s  o f  c o p p e r  ( I I ) ,  n i c k e l  ( I I ) ,  
c o b a l t ( I I ) ,  a n d  t i t a n i u m  ( I I I ) .  6 3 4  

K a r a s z ,  F .  E .  T h e r m o d y a m i c s  o f  th e  
h e l i x - c o i l  t r a n s i t i o n  o f  p o l y p e p t i d e s  in  
b i n a r y  s o l v e n t  s y s t e m s .  1 1 3 9  

K a s a i ,  P .  H .  I o n i z a t i o n  a n d  e le c t r o n  t r a n s =  
f e r  r e a c t i o n s  i n  L i n d e  t y p e  Y  z e o l i t e s .
2 3 0 8

K a s t h a ,  G . S . V ib r a t i o n a l  s p e c t r a  a n d  
r o t a t i o n a l  i s o m e r i s m  o f  l , 2- p r o p a n e d i=  
t h i o l .  4 6 9

K a t o ,  H .  S e m i e m p i r i c a l  u n r e s t r i c t e d  H a r =  
t r e e - F o c k  t r e a t m e n t  f o r  t r a p p e d  e le c t r o n s  
i n  w a t e r ,  a m m o n ia ,  a n d  h y d r o g e n  f l u o r =  
id e .  1 4 5 0

K a t r i b ,  A .  E le c t r o n i c  i n t e r a c t i o n  b e t w e e n  
t h e  v i n y l  g r o u p  a n d  i t s  s u b s t i t u e n t s .
2 3 5 8

K a t s u m a t a ,  S . I o n i c  p h o t o d i s s o c ia t i o n  o f  
w e a k  c h a r g e - t r a n s f e r  c o m p le x e s .  D o n o r  
a c e t o n i t r i l e  a n d  a c c e p t o r  t e t r a c y a n o e t h y l  =  
e n e  a n d  io d in e .  2 5 2 0

K a u f m a n ,  M .  K in e t i c s  a n d  m e c h a n i s m s  o f  
t h e  r e a c t i o n s  o f  a t o m ic  f l u o r i n e  w i t h  
t r i f l u o r o i o d o m e t h a n e  a n d  b r o m o t r i c h l o r o =  
m e t h a n e .  1 7 4 8

K a u z m a n n ,  W .  P r e s s u r e  d e p e n d e n c e  o f  
w e a k  a c id  i o n i z a t i o n  i n  a q u e o u s  b u f f e r s .  
2 6 8 7

K e d e m ,  O . D e f i n i t i o n  o f  v o lu m e  f l o w  i n  th e  
K e d e m - K a t c h a l s k y  f o r m u l i s m  o f  e le c  =  
t r c o s m o s i s .  C o m m e n t s .  2 7 1 1  

K e l l e r ,  O . L .  J r .  P r e d i c t e d  p r o p e r t i e s  o f  
th e  s u p e r h e a v y  e le m e n t s .  I I .  E le m e n t  
111, e k a - g o ld .  1 8 0 6

K e l l e y ,  J .  D .  H e te r o g e n e o u s  lo s s  r e a c t i o n  
o f  c a r b o n  m o n o s u l f id e .  2 6 0 1  

K e l l y ,  T .  M .  V is c o s i t y  s t u d ie s  o f  a q u e o u s  
s o lu t io n s  o f  a lc o h o ls ,  u r e a s ,  a n d  a m id e s .  
3 8 1

K e l m ,  H .  E f f e c t  o f  s o l v e n t  a n d  p r e s s u r e  o n  
t h e  r a t e s  o f  th e  o x i d a t i v e  a d d i t i o n  
r e a c t i o n s  o f  m e t h y l  i o d id e  a n d  o x y g e n  t o  
c h lo r o c a r b o n y lo b i s  ( t r i p h e n y l p h o s p h in e ) i r =  
i d i u m ( I ) .  2 9 0

K e r n ,  R .  D .  R e a c t i o n  o f  c y a n o g e n  a n d
h y d r o g e n  b e h in d  r e f l e c t e d  s h o c k  w a v e s .  
1 3 2 9

K e r t e s ,  A .  S . E f f e c t  o f  c h a in  l e n g t h  o n  
h e a t s  o f  m i x i n g  i n  t r i - n - a l k y l a m i n e - =  
b e n z e n e s  s y s te m s .  3 1 0 7  

K e s t n e r ,  N .  R .  R a d i a t i v e  p r o c e s s e s  o f  th e  
s o l v a t e d  e le c t r o n  i n  p o l a r  f l u i d s .  1 0 4 0  

K e t e l a a r ,  J .  A .  A .  I o n  e x c h a n g e  i n  m o l t e n  
s a l t s .  V I .  O c c lu d e d  s o d iu m  n i t r a t e  in  
z e o l i t e  A  a s  a n  a n io n  e x c h a n g e r .  C h lo =  
r i d e - n i t r a t e  io n  e x c h a n g e  i n  m o l t e n  
s o d iu m  ( n i t r a t e ,  c h l o r i d e )  m i x t u r e s .
1 3 9 8

K e v a n ,  L .  I o n  c y c l o t r o n  r e s o n a n c e  s t u d ie s  
o f  i o n i c  r e a c t i o n s  i n  p e r f lu o r o c a r b o n s .  
E x c i t e d  io n s  a n d  t h e i r  d e e x c i t a t i o n .  1 4 8  

K e v a n ,  L .  F r e e  r a d i c a l  f o r m a t i o n  i n  h y d r o =  
c a r b o n  c r y s t a ls  b y  7 i r r a d i a t i o n .  A n i s o ^  
t r o p i c  h y p e r f in e  c o u p l i n g s  i n  h e x a t r ia c o n =  
t y l  r a d i c a l  a n d  r e l a t i v e  r a d i c a l  y i e l d s  in  
s in g le  c r y s t a l  h e x a t r ia c o n t a n e .  2 1 8 0  

K e v a n ,  L .  E f f e c t  o f  p h o t o io n iz a t i o n  e n e r g y  
o n  th e  d is t a n c e  d i s t r i b u t i o n  b e t w e e n  
t r a p p e d  e le c t r o n s  a n d  N , N , N ' , N ' - t e t r a =  
m e t h y l - p - p h e n y l e n e d i a m in e  c a t i o n s  in  
o r g a n i c  g la s s e s .  3 0 3 5  

K e z e le ,  B .  A .  D ip o le  m o m e n t s  o f  s o m e  
n e u t r a l  o r g a n i c  p h o s p h a te s .  9 2 2  

K h a n ,  Z .  H .  M o l e c u l a r  o r b i t a l  c a l c u l a t i o n s  
o f  t h e  e le c t r o n i c  s p e c t r a  o f  a r o m a t i c  
h y d r o c a r b o n  m o n o n e g a t i v e  io n s .  1 8 1 4  

K h a n n a ,  B .  N .  M o l e c u l a r  o r b i t a l  c a l c u l a =  
t i o n s  o f  th e  e l e c t r o n i c  s p e c t r a  o f  a r o m a t i c  
h y d r o c a r b o n  m o n o n e g a t i v e  io n s .  1 8 1 4  

K ie l m a n ,  H .  S . N u c l e a r  m a g n e t i c  r e l a x a t i o n  
o f  s o d iu m - 2 3  i n  p o ly p h o s p h a t e  s o lu t io n s .  
1 5 9 3

K ie s s ,  H .  C h a r g e  t r a n s f e r  o f  a d s o r b e d  
o z o n e .  5 5 6

K ik u e h i ,  K .  E l e c t r i c  b i r e f r i n g e n c e  o f  p o t a s =  
s iu m  p o ly  ( s t y r e n e s u l f o n a t e )  i n  a q u e o u s  
s o lu t i o n  a s  a  f u n c t i o n  o f  m o l e c u l a r  
w e ig h t ,  c o n c e n t r a t io n ,  a n d  f i e l d  s t r e n g t h  
2101

K im ,  H .  I s o t h e r m a l  d i f f u s i o n  s t u d ie s  o f  
w a t e r - p o t a s s i u m  c h l o r i d e - h y d r o g e n  
c h lo r i d e  a n d  w a t e r - s o d i u m  c h l o r i d e - h y =  
d r o g e n  c h lo r i d e  s y s t e m s  a t  2 5 ° .  9 3 4  

K im ,  H .  D i f f u s io n  c o e f f i c i e n t s  o f  t e t r a b u t y =  
l a m m o n i u m  h a l i d e s  i n  w a t e r  a t  2 5 ° .
2 5 6 7

K im ,  K .  C . H y d r o g e n  f l u o r i d e  a n d  d e u t e r i u m  
f l u o r i d e  e l im i n a t i o n  r e a c t i o n s  o f  c h e m i  =  
c a l l y  a c t i v a t e d  l , l , l - t r i d e u t e r i o - 2,2- d i  =  
f lu o r o e t h a n e ,  1,1- d i f l u o r o e t h a n e ,  a n d
1 . 1 . 1 -  t r i d e u t e r i o - 2 - f l u o r o e t h a n e .  7 2 5  

K im ,  K .  C . U n i m o l e c u l a r  r e a c t i o n s  o f
c h e m i c a l l y  a c t i v a t e d  2- f l u o r o p r o p a n e - l , =
1 . 1 -  d 3, 2- f l u o r o b u t a n e ,  a n d  t e r t - b u t y l  
f l u o r i d e .  R a n d o m iz a t i o n  o f  i n t e r n a l  
e n e r g ie s .  2021

K i m ,  K .  C . H y d r o g e n  f l u o r i d e  a n d  d e u t e r i u m  
f l u o r i d e  i n f r a r e d  c h e m i lu m in e s c e n c e  a n d  
e n e r g y  p a r t i t i o n i n g  f r o m  th e  r e a c t i o n s  o f  
f l u o r i n e  a t o m s  w i t h  C e - C io  c y c lo a l k a n e s  
a n d  p r o p a n e - d 6. 2 4 9 3

K i m ,  K .  C . T r a j e c t o r y  s t u d ie s  o f  a b s t r a c t i o n  
r e a c t io n s .  F l u o r i n e  a t o m s  w i t h  s u b s t i t u t e  
e d  m e th a n e s  a n d  d e u t e r i u m  a t o m s  w i t h  
c h lo r o io d id e .  2 4 9 9

K i m ,  K .  H .  E l e c t r i c a l  c o n d u c t i v i t y  o f  
n i c k e l  o x i d e - m a g n e s iu m  o x id e  s in g le  
c r y s t a ls .  2 4 3 0

K i m ,  S . H .  T h e o r e t i c a l  f r e e  e n e r g y  o f  
a c t i v a t i o n  f o r  d e h y d r a t i o n  o f  h y d r a t e d  
io n s  i n  s o lu t io n .  1 2 4 5  

K i m ,  S . H .  I m m e r s i o n  m e th o d  f o r  t h e  
p o t e n t ia l  o f  z e r o  c h a r g e  d e t e r m i n a t i o n .  
E le c t r o d e  p r e t r e a t m e n t .  2 7 8 7  

K im ,  S . H .  T h e o r e t i c a l  f r e e  e n e r g y  o f  
a c t i v a t i o n  f o r  d e h y d r a t i o n  o f  h y d r a t e d  
io n s  i n  s o lu t io n .  ( C o r r e c t i o n ) .  3 1 2 4  

K im ,  S . H .  S t r u c t u r e  o f  e l e c t r i c a l  d o u b le  
l a y e r  b e t w e e n  m e r c u r y  a n d  d i m e t h y l  
s u l f o x id e  i n  t h e  p r e s e n c e  o f  c h l o r i d e  io n s .  
( C o r r e c t i o n ) .  3 1 2 4

K im u r a ,  K .  I o n i c  p h o t o d i s s o c ia t i o n  o f  w e a k  
c h a r g e - t r a n s f e r  c o m p le x e s .  D o n o r  
a c e t o n i t r i l e  a n d  a c c e p t o r  t e t r a c y a n o e t h y l  =  
e n e  a n d  io d in e .  2 5 2 0

K im u r a ,  M .  R e d u c t i o n  o f  m e r c u r i c  c h l o r i d e  
t o  m e r c u r o u s  c h l o r i d e  in d u c e d  b y  th e  
o x id a t io n  o f  o x a l i c  a c id .  1 2 6 2  

K i m u r a ,  M .  C a t a ly z e d  r e a c t i o n  b e t w e e n  
o x a la t e  io n  a n d  p e r o x o d is u l f a t e .  I .
C o p p e r !  I I ) a s  c a t a l y s t .  1 2 6 5  

K in g ,  A .  D .  J r .  S o l u b i l i t y  o f  a l c o h o ls  in
c o m p r e s s e d  g a s e s .  C o m p a r i s o n  o f  v a p o r -  =  
p h a s e  i n t e r a c t i o n s  o f  a l c o h o ls  a n d  h o m o =  
m o r p h i c  c o m p o u n d s  w i t h  v a r i o u s  g a s e s .
I .  E t h a n o l  i n  c o m p r e s s e d  h e l i u m ,  h y d r o s  
g e n ,  a r g o n ,  m e t h a n e ,  e t h y le n e ,  e th a n e ,  
c a r b o n  d io x id e ,  a n d  n i t r o u s  o x id e .  2011

K in g ,  A .  D .  J r .  S o l u b i l i t y  o f  a lc o h o ls  in
c o m p r e s s e d  g a s e s .  C o m p a r i s o n  o f  v a p o r -  =  
p h a s e  i n t e r a c t i o n s  o f  a l c o h o ls  a n d  h o m o =  
m o r p h i c  c o m p o u n d s  w i t h  v a r i o u s  g a s e s .
I I .  1 - B u t a n o l ,  d i e t h y l  e t h e r ,  a n d  n - p e n =  
t a n e  i n  c o m p r e s s e d  n i t r o g e n ,  a r g o n ,  
m e th a n e ,  e t h a n e ,  a n d  c a r b o n  d io x id e  a t  
2 5 ° . 2 0 1 6

K in g ,  W . T .  E s t i m a t i o n  o f  k i n e t i c  is o to p e  
e f f e c t s  u s in g  a t o m i c  f o r c e  c o n s t a n t s .
2 7 7 0

K in s i n g e r ,  J .  B .  D i m e t h y l  s u l f o x id e  a s s o c i=  
a t i o n  i n  d i m e t h y l  s u l f o x i d e - p y r i d i n e
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m i x t u r e s .  I n f r a r e d  a n d  l i g h t  s c a t t e r i n g  
s p e c t r o s c o p y .  2 4 4 4

K in t ,  S . R a m a n  s p e c ' . r a  a n d  s t r u c t u r e  o f  
w a t e r  in  d i m e t h y l  s u l f o x id e .  2 1 0 8  

K in u g a s a ,  M .  I n f r a r e d  s t u d y  o f  t h e  i n t e r a c t  
t i o n  b e t w e e n  a n h y  j r o u s  p e r c h l o r i c  a c id  
a n d  a c e t o n i t r i l e .  1 9 1 4  

K is h i ,  K .  I n f r a r e d  s t u d y  o f  t h e  i n t e r a c t i o n  
b e t w e e n  a n h y d r o u s  p e r c h l o r i c  a c id  a n d  
a c e t o n i t r i l e .  1 9 1 4

K is h im o t o ,  S . I n f l u e n c e  o f  a n n e a l i n g  o n  th e  
c a t a l y t i c  a c t i v i t y  c f  c o l d - w o r k e d  m e t a . s  
f o r  th e  d e c o m p o s i t i o n  o f  f o r m i c  a c id .
1 7 1 9

K is h im o t o ,  T .  A r o m a t i c  h y d r o x y la t i o n
c a t a l y z e d  b y  F e n t o n 's  r e a g e n t .  E le c t r o n  
p a r a m a g n e t i c  r e s o n a n c e  s t u d y .  I I .
B e n z o ic  a c id s .  33C

K is p e r t ,  L .  D .  I N D O  in t e r m e d i a t e  n e g le c t  
o f  d i f f e r e n t i a l  o v e r l a p ]  t h e o r e t i c a l  s t u d ie s .  
G e o m e t r y  o f  1 - s u b s t i t u t e d  v i n y l  r a d i c a l s  
a n d  1 - f l u o r o v i n y l  c a t i o n s .  4 9 4  

K is p e r t ,  L .  D .  E l e c t r o n - e l e c t r o n  d o u b le  
r e s o n a n c e  o f  i r r a d i a t e d  s i n g le  c r y s t a l s  o f  
z in c  a c e t a t e  a n d  m a lo n i c  a c id .  I n f l u e n c e  
o f  n u c le a r  s p in  e x c h a n g e .  6 2 9  

K is p e r t ,  L .  D .  A n a l y s i s  o f  t h e  t e m p e r a t u r s  
d e p e n d e n c e  o f  th e  e l e c t r o n  s p in  r e s o n a n c e  
s p e c t r u m  o f  th e  p e r f lu o r o s u c c in a t e  
r a d i c a l  u s in g  d e n s i t y  m a t r i x  t e c h n iq u e s .  
1 4 9 1

K is t i a k o w s k y ,  G . B .  R e a c t i o n  o f  s i n g le t  
m e t h y le n e  w i t h  c y c lo p r o p a n e .  4 2 7  

K i s t i a k o w s k y ,  G . B .  C y a n o g e n - a c t i v e  
n i t r o g e n  r e a c t i o n .  1 7 2 5  

K i v i a t ,  F .  E .  S u r f a c e  a c i d i t y  o f  t r a n s i t i o n  
m e t a l  m o d i f i e d  a lu m in a s .  I n f r a r e d  a n d  
n u c le a r  m a g n e t i c  r e s o n a n c e  i n v e s t i g a t i o n  
o f  a d s o r b e d  p y r i d i n e .  1 2 3 2  

K le i n ,  G . W . C o m p e t i t i v e  e l e c t r o n  s c a v e n g e  
i n g  e x p e r im e n t s  in  t h e  r a d i o l y s i s  o f  
h y d r o c a r b o n s .  R e s u l t s  a t  l o w  s o lu t e  
c o n c e n t r a t io n s .  9 7 3

K le i n b e r g ,  S . E f f e c t  o f  p a r t i c l e - s i z e  d i s t r i  =  
b u t i o n  o n  t h e  t h e r m a l  d e c o m p o s i t i o n  o f  
« - l e a d  a z id e .  8 7 0

K l i e r ,  K .  W a t e r  o n  s i L c a  a n d  s i l i c a t e  
s u r f a c e s .  I .  P a r t i a l l y  h y d r o p h o b i c  
s i l i c a s .  1 4 5 8

K l i e r ,  K .  W a t e r  o n  s i l c a  a n d  s i l i c a t e  
s u r f a c e s .  I .  P a r t i a l l y  h y d r o p h o b i c  
s i l i c a s .  ( C o r r e c t i o n ) .  3 1 2 4  

K lu g - R o t h ,  D .  P u ls e  r a d i o l y t i c  i n v e s t i g a =  
t io n s  o f  th e  c a t a l y z e d  d i s p r o p o r t io n a t i o n  
o f  p e r o x v  r a d i c a l s .  A q u e o u s  c u p r i c  io n s .  
1 1 6 9

K  n ig h t ,  L .  B .  S p e c t r a  o f  m a t r i x  i s o la t e d  
t r a n s i t i o n  m e t a l  m o n o x id e s .  M a n g a n e s e ^  
( I I )  a n d  c o p p e r ( I I )  o x id e s .  E v id e n c e  f o r  a  
2 I I  g r o u n d  s t a t e  f o r  c o p p e r ( I I )  o x id e .  4 9  

K n o e f e l ,  J .  T r a n s p o r t  p r o p e r t i e s  in  h y d r o g e n  
b o n d in g  s o lv e n t s .  V I I .  C o n d u c t a n c e  o f  
e l e c t r o l y t e s  in  l , l , l , 3 , 3 , 3 - h e x a f l u o r o - 2 - =  
p r o p a n o l .  3 6 6

K n o w le s ,  J .  M .  P o r p h y r i n s .  X X V I .  T r i p l e t  
e x c i m e r  q u e n c h in g  o f  f r e e  b a s e ,  z in c ,  
p a l l a d iu m ,  a n d  p l a t i n u m  c o m p le x e s .
1 5 4

K o b a t a k e ,  Y .  E f f e c t i v e  f i x e d  c h a r g e  d e n s i t y  
g o v e r n i n g  m e m b r a n e  p h e n o m e n a .  V .  
R e d u c e d  e x p r e s s io n  o f  p e r m s e l e c t i v i t y .
92

K o b a t a k e ,  Y .  E f f e c t i v e  f i x e d  c h a r g e  d e n s i t y  
g o v e r n in g  m e m b r a n e  p h e n o m e n a .  V I .  
A c t i v i t y  c o e f f i c i e n t s  a n d  m o b i l i t i e s  o f  
s m a l l  io n s  i n  a q u e o u s  s o lu t i o n s  o f  p o l y  =  
( s t y r e n e s u l f o n i c  a c . d ) .  2 9 9 5  

K o e h le r ,  W .  H .  R a m a n  s p e c t r o s c o p y  o f  
a l k a l i  m e t a l - a m m o n ia  s o lu t io n s .  1 7 5 3  

K o e s t e r ,  R .  R e a c t io n s  o f  f l u o r i n a t e d  b e n z =  
e n e s  w i t h  h y d r a t e d  e le c t r o n s  a n d  h y d r o x =  
y l  r a d i c a l s  in  a q u e c u s  s o lu t io n s .  7 4 9  

K o l i l ,  F .  J .  M a s s  s p e c t r o m e t r i c  d e t e r m i n a  =  
t i o n  o f  th e  d i s s o c ia t i o n  e n e r g ie s  o f  A I C 2. 
A 12C 2, a n d  A IA U C 2. 1 3 6  

K o k e s .  R .  J .  B u t e n e  i s o m e r i z a t i o n  o v e r  
z in c  o x id e  a n d  c h r o m i a .  1 9 5 7  

K o k e s ,  R .  J .  N a t u r e  o f  m o l e c u l a r  h y d r o g e n  
a d s o r b e d  o n  z in c  o x id e .  2 6 3 4  

K o k e s ,  R .  J .  N a t u r e  o f  m o l e c u l a r  n i t r o g e n  
a d s o r b e d  o v e r  z in c  o x id e .  2 6 4 0  

K o l t h o f f ,  I .  M .  S o l u b i l i t y  p r o d u c t  a n d
a n io n ic  c o m p l e x a t io n  c o n s t a n t s  o f  s i l v e r  
h a l id e s ,  b e n z o a te ,  a n d  a c e ta te  i n  a c e t o n i=  
t r i l e ,  N , N - d i m e t h y l f o r m a m i d e ,  a n d  
d i m e t h y l  s u l f o x id e .  1

K o l t h o f f ,  I .  M .  M e d i u m  a c t i v i t y  c o e f f i c i e n t  
o f  io d a te  in  m e t h a n o l ,  a c e t o n i t r i l e ,  a n d  
d i m e t h y l  s u l f o x id e  w i t h  r e f e r e n c e  t o  
w a t e r .  5 2 3

K o l t h o f f ,  I .  M .  M e d i u m  a c t i v i t y  c o e f f i c i e n t s  
in  m e t h a n o l  a n d  s o m e  a p r o t i c  s o lv e n t s  o f  
s u b s t i t u t e d  b e n z o ic  a c id s  a n d  t h e i r

a n io n s  a s  r e la t e d  t o  t h e i r  h y d r o g e n  
b o n d in g  p r o p e r t i e s .  5 2 7  

K o l t h o f f ,  I .  M .  R e d u c t i o n  o f  m e r c u r i c  
c h l o r i d e  t o  m e r c u r o u s  c h l o r i d e  in d u c e d  
b y  th e  o x i d a t io n  o f  o x a l i c  a c id .  1 2 6 2  

K o m i y a m a ,  Y .  E le c t r o n  s p in  r e s o n a n c e  
s t u d ie s  o f  t h e  r e d u c e d  m o ly b d o v a n a d o =  
p h o s p h o r ic  h e t e r o p o l y  a c id s .  I .  2 8 9 6  

K o n d o ,  T .  M i c r o w a v e  s t u d y  o f  th e  m e c h a n =  
is m  o f  h y d r o g e n  e x c h a n g e  r e a c t i o n  
b e t w e e n  p r o p y le n e  a n d  p - t o lu e n e s u l f o n i c  
a c id .  2 9 9

K o n d o ,  Y .  C o n d u c t a n c e  o f  e l e c t r o l y t e s  in  
l i q u i d  s u l f u r  d i o x id e  a t  2 5 ° . 2 1 3 3  

K o n g ,  C . L .  C o m b in in g  r u le s  f o r  i n t e r m o l e  =  
c u l a r  p o t e n t ia l  p a r a m e t e r s .  I I I .  A p p l i c a =  
t i o n  t o  th e  e x p  6 p o t e n t ia l .  2 6 6 8  

K o o b ,  R .  D .  M e t h y le n e  p r o d u c e d  b y  v a c u =  
u m - u l t r a v i o l e t  p h o t o l y s is .  V .  E n e r g y  
p a r t i t i o n i n g  i n  th e  r e a c t i o n  c i s - d i m e t h y l=  
c y c lo p r o p a n e  4- h ^ ( 1 2 3 .6  n m )  —*• 2 - b u t e n e  +  
s i n g le t  m e t h y le n e .  7 5 9  

K o r d i s ,  J .  D i s s o c ia t i o n  e n e r g ie s  a n d  h e a t s  
o f  f o r m a t i o n  o f  th e  g a s e o u s  e u r o p iu m  
( E U 2) a n d  e u r o p i u m - s i l v e r  m o le c u le s .
7 0 0

K o r m e l i n g ,  C . M .  I n t e r a c t i o n  b e t w e e n
c r y s t a l  v i o l e t  a n d  p o l y  ( m e t h a c r y l i c  a c id )  
in  a q u e o u s  s o lu t io n s .  I .  R e s u l t s  f r o m  
s p e c t r o s c o p ic  m e a s u r e m e n t s  a n d  d ia l y s is  
1 7 7 2

K o r o s ,  E .  P e r i o d i c i t y  i n  t h e  r a t e  o f  h e a t  
e v o lu t io n  d u r i n g  t h e  t e m p o r a l  o s c i l l a t i o n  
i n  t h e  2 , 4 - p e n t a n e d i o n e - b r o m a t e - c a t a ly s t  
s y s t e m .  3 1 2 2

K r e g l e w s k i ,  A .  T h e r m o d y n a m i c  p r o p e r t i e s  
o f  c o n f o r m a l  m i x t u r e s  c a l c u l a t e d  f r o m  
t h e  h a r d - s p h e r e  e q u a t io n  o f  s t a t e .  2212 

K r e s g e ,  A .  J .  S o lv e n t  i s o to p e  e f f e c t s  o n  th e  
i o n i z a t i o n  o f  h y d r o f l u o r i c  a c id .  8 2 2  

K r o e n in g ,  R .  F .  P o l a r i z e d  e l e c t r o n i c  c r y s t a l  
a b s o r p t i o n  s p e c t r a  o f  d i b r o m o ( e t h y l e n e d i =  
a m in e  ( p l a t i n u m  ( I I ) .  3 0 7 7  

K u ,  J .  C . T r a c e r  d i f f u s i o n  c o e f f i c i e n t s  in  
a q u e o u s  s o lu t io n s .  I .  M e t h o d .  S o d iu m  
in  s o d iu m  c h lo r i d e .  2 2 3 3  

K u b o k a w a ,  Y .  I n t e r a c t i o n  o f  o x y g e n  w i t h  
a c e to n e  a n d  2- p r o p a n o l  a d s o r b e d  o n  
m a g n e s iu m  o x id e .  1 4 1  

K u b o t a ,  S . P h o t o l y s i s  o f  s u r f a c e  m e t h o x id e s  
o n  s e v e r a l  m e t a l  o x id e s  a s  s t u d ie d  b y  
e le c t r o n  s p in  r e s o n a n c e .  2 8 3 7  

K u n d e l l ,  F .  A .  K in e t i c s  o f  t w e l v e - s t e p  
c o m p e t i t i v e - c o n s e c u t i v e  s e c o n d - o r d e r  
r e a c t io n s .  A l k a l i n e  h y d r o l y s i s  o f  t r i e t h y l  
c i t r a t e .  1 5 5 2

K u n d u ,  S . K .  P h o t o c o n d u c t i v e  p r o p e r t i e s  
o f  a r y l e t h y n y l c o p p e r  p o l y m e r s .  E f f e c t s  
o f  s t r u c t u r e  a n d  o x y g e n .  2 6 7 7  

K u n s t ,  P .  A s s o c ia t i o n  o f  1 - h e p t a n o l  in
c a r b o n  t e t r a c h l o r i d e  f r o m  s t a t i c  d i e l e c t r i c  
m e a s u r e m e n t s .  5 4 8

K u r i ,  Z .  S e le c t iv e  h y d r o g e n  a t o m  a b s t r a c  =  
t i o n  b y  h y d r o g e n  a t o m s  i n  n e o p e n t a n e - =  
a lk a n e  m i x t u r e s  a t  7 7 ° K .  2 3 6 5  

K u r i ,  Z .  E v id e n c e  f o r  i o n - m o le c u le  r e a c t i o n  
o f  h y d r o g e n  t r a n s f e r  i n  y - i r r a d i a t e d  
2 , 3 - d i m e t h y l b u t a n e  a t  7 7 ° K  a s  s t u d ie d  
b y  e le c t r o n  s p in  r e s o n a n c e  s p e c t r o s c o p y .  
2 4 1 8

K u s h a w a h a ,  V .  S . P o t e n t ia l  e n e r g y  c u r v e s  
a n d  d i s s o c ia t i o n  e n e r g y  o f  t i t a n i u m  m o n  =  
o x id e .  2 8 8 5

K w a k ,  J .  C . T .  M e a n  a c t i v i t y  c o e f f i c i e n t s  
f o r  th e  s im p le  e l e c t r o l y t e  i n  a q u e o u s  
m i x t u r e s  o f  p o l y e l e c t r o l y t e  a n d  s im p le  
e l e c t r o l y t e .  S y s te m  s o d iu m  p o l y s t y r e n e ^  
s u l f o n a t e - s o d iu m  c h lo r i d e .  2 7 9 0  

L a c k n e r ,  A .  M .  P h o t o p o ly m e r i z a t i o n  
m e c h a n is m s .  I I .  R a te s  o f  i o n i c  d a r k  
a d d i t i o n  o f  b e n z e n e s u l f in a t e  io n s  t o  
a c r y l i c  m o n o m e r s .  2 7 2 0  

L a g o w s k i ,  J .  J .  M e t a l - a m m o n ia  s o lu t io n s .
I X .  V i b r a t i o n a l  s p e c t r o s c o p y  o f  th e  
s o lv e n t .  210

L a g o w s k i ,  J .  J .  M e t a l - a m m o n ia  s o lu t io n s .
X .  S in g le  c o n f i g u r a t i o n  c o o r d in a t e  
a n a ly s is .  1 3 1 1

L a g o w s k i ,  J .  J .  L i q u i d  a m m o n i a  s o lu t io n s .
X .  R a m a n  s t u d y  o f  i n t e r a c t i o n s  i n  th e  
l i q u i d  s t a t e .  2 1 8 5

L a m o r e a u x ,  R .  H .  F l u i d i t y  a n d  l i q u i d  
s t r u c t u r e .  1 4 7 1

L a m p e ,  F .  W . I o n - m o l e c u l e  r e a c t i o n s  in  
m o n o g e r m a n e .  3 0

L a m p e ,  F .  W . H e t e r o n u c le a r  r e c o m b in a t i o n  
o f  c h lo r i n e  a n d  i o d in e  a t o m s  i n  th e  f la s h  
p h o t o l y s is  o f  i o d in e  m o n o c h lo r i d e .  4 3 0  

L a m p e ,  F .  W . M a s s - s p e c t r o m e t r i c  s t u d y  o f  
t h e  r e a c t i o n  o f  t r i f l u o r o m e t h y l  r a d i c a l s  
w i t h  n i t r i c  o x id e .  1 3 3 5  

L a m p e ,  F .  W . I o n - m o l e c u l a r  r e a c t i o n s  in  
m o n o s i l a n e - m e t h a n e  m i x t u r e s .  2 5 8 7  

L a m p e ,  F .  W . P o s i t i v e - i o n  r e a c t i o n s  in  
m o n o s i l a n e - w a t e r  m i x t u r e s .  2 8 4 1

L a n d o ,  D .  I n t e r a c t i o n  e n e r g y  b e t w e e n  a  g a s  
m o le c u le  a n d  a  g o ld  f i l m .  1 9 6 9  

L a n e ,  R .  F .  E le c t r o c h e m i s t r y  o f  c h e m is o r b e d  
m o le c u le s .  I .  R e a c t a n t s  c o n n e c t e d  to  
e le c t r o d e s  t h r o u g h  o l e f i n i c  s u b s t i t u e n t s .  
1 4 0 1

L a n e ,  R .  F .  E le c t r o c h e m i s t r y  o f  c h e m is o r b e d  
m o le c u le s .  I I .  I n f l u e n c e  o f  c h a r g e d  
c h e m is o r b e d  m o le c u le s  o n  th e  e le c t r o d e  
r e a c t i o n s  c f  p l a t i n u m  c o m p le x e s .  1 4 1 1  

L a n g ,  J .  U l t r a s o n i c  a b s o r p t i o n  i n  a q u e o u s  
s o lu t io n s  o :  n u c le o t i d e s  a n d  n u c le o s id e s .
I .  E f f e c t  o f  p H  a n d  c o n c e n t r a t io n .  2 3 2 9  

L a r o f f ,  G . P .  E le c t r o n  s p in  r e s o n a n c e  
s p e c t r a  o f  '.h e  r a d i c a l s  p r o d u c e d  in  th e  
r a d i o l y s i s  o f  a q u e o u s  s o lu t i o n s  o f  f u r a n  
a n d  i t s  d e r i v a t i v e s .  4 5 6  

L a r o f f ,  G . P .  E q u i l i b r i u m  a n d  k in e t i c s  o f  
t h e  a c id  d i s s o c ia t i o n  o f  s e v e r a l  h y d r o x y a l =  
k y l  r a d i c a l s .  1 2 8 3

L a r s o n ,  R .  W . I n f r a r e d  s p e c t r o s c o p ic  
i n v e s t i g a t i o n  o f  z e o l i t e s  a n d  a d s o r b e d  
m o le c u le s .  V I I .  H y d r o x y l  g r o u p s  o f  
e r i o n i t e .  2 1 8 3

L a s c o m b e ,  J .  N e w  e x p l a n a t i o n  o f  th e  
i n f r a r e d  a n d  R a m a n  i ' ( X H )  b a n d  s h a p e  
o f  h y d r o g e n - b o n d e d  c o m p le x e s .  2 7 7 9  

L a s s e g u e s ,  J .  C . N e w  e x p l a n a t i o n  o f  th e  
i n f r a r e d  a n d  R a m a n  t> ( X H )  b a n d  s h a p e  
o f  h y d r o g e n - b o n d e d  c o m p le x e s .  2 7 7 9  

L a s s e r ,  N .  E x c i t e d  s t a t e  p K  v a lu e s  f r o m  
f lu o r e s c e n c e  m e a s u r e m e n t s .  1011 

L a s z lo ,  P .  I n t e r a c t i o n  o f  a  p o l y p e p t i d i c  
n e m a t ic  m e s o  p h a s e  w i t h  a c id ic  m o l e c ^  
u le s .  2 9 2 5

L a u e r ,  D .  C a r b o n - 1 3  c h e m i c a l  s h i f t s  o f  
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L y n c h ,  A .  W .  C h e m ic a l  r e a c t i o n s  o f  c a r b o n  
a t o m s  a n d  m o le c u le s  f r o m  l a s e r - i n d u c e d  
v a p o r i z a t i o n  o f  g r a p h i t e  a n d  t a n t a l u m  
c a r b i d e .  1 0 8 3

L y n c h ,  J .  F .  D y n a m i c  e q u i l i b r i u m  b e t w e e n  
c h e m is o r b e d  a n d  a b s o r b e d  h y d r o g e n  i n  
t h e  p a l l a d iu m / h y d r o g e n  s y s t e m .  2 6 2 8  

M c C u l l o u g h ,  J .  J .  C r y s t a l  s t r u c t u r e  o f  
m e t h y le n e d ip h o s p h o n i c  a c id .  1 1 4 6  

M a c d o n a ld ,  D .  D .  H y d r o t h e r m a l  h y d r o l y s i s  
o f  a l u m i n u m ( 3 + )  a n d  t h e  p r e c i p i t a t i o n  
o f  b o e h m i t e  f r o m  a q u e o u s  s o lu t i o n .  2 4 7 4  

M a c D o n a ld ,  J .  C . E f f e c t  o f  u r e a  c o n c e n t r a ^  
t i o n  u p o n  t h e  a c t i v a t i o n  p a r a m e t e r s  f o r  
f l u i d i t y  o f  w a t e r .  3 7 0

M c D o n a ld ,  R .  L .  F a r - i n f r a r e d  s t u d y  o f  th e  
a s s o c ia t io n  o f  b e n z o ic  a c id  w i t h  s u b s t i t u t =  
e d  a m m o n i u m  h a l id e s  in  b e n z e n e .  1 1 4 8  

M a c F a d d e n ,  K .  O . K in e t i c s  o f  t h e  t h e r m a l  
d i s s o c ia t i o n  o f  t e t r a f l u o r o h y d r a z i n e .  7 3 4  

M a c F a d d e n ,  K .  O . S p e c t r o p h o t o m e t r i c  
d e t e r m i n a t i o n  o f  t h e  r a t e  o f  d i s s o c ia t i o n  
o f  n i t r o g e n  t r i f l u o r i d e  b e h in d  s h o c k  
w a v e s .  1 4 7 5

M c G e e ,  T .  H .  T h e r m a l  d e c o m p o s i t i o n  o f  
c y c lo b u t a n o n e .  C o m m e n t s .  1 3 1 7  

M c G u i r e ,  T .  R .  O r d e r - r e l a t e d  p r o p e r t i e s  o f  
s o m e  n e m a t ic  l i q u i d s .  9 5 0  

M a c i e l ,  G .  E .  S u b s t i t u e n t  p a r a m e t e r s  f o r  
c a r b o n - 1 3  c h e m ic a l  s h i f t s  o f  l , 2 - d i s u b s t i =  
t u t e d  e th a n e s .  1 5 9 0

M a c i e l ,  G .  E .  C a r b o n - 1 3  c h e m ic a l  s h i f t s  o f  
b e n z o c y c lo a lk e n e s .  1 8 6 5  

M a c K a y ,  C . A b s t r a c t i o n  o r  s t r i p p i n g  o f
m e t h y le n e  a s  a  r o u t e  t o  a c e t y le n e  f o r m a =  
t i o n  in  h o t  c a r b o n  a t o m  r e a c t i o n s .  2 5 9 8  

M c L a u g h l i n ,  E .  I s o t o p e  e f f e c t  a n d  th e  
m o l e c u l a r  m e c h a n i s m  o f  t h e  s e c o n d  
v i s c o s i t y  c o e f f i c i e n t  o f  w a t e r .  1 8 0 1  

M c L a u g h l i n ,  E .  M o n o is o t o p ic  m a s s  s p e c t r a  
o f  s o m e  b o r a n e s  a n d  b o r a n e  d e r i v a t i v e s .  
2 9 8 4

M c Q u a r r i e ,  D .  A .  S t a t i s t i c a l  m e c h a n i c a l  
t h e o r y  o f  s o l u b i l i t y .  4 1 3

M a d h a v a n ,  V .  C o l l i s io n a l l y  in d u c e d  p r o =  
d u c t i o n  o f  m e r c u r y ( 3P i )  f r o m  m e r c u r y ^  
( » P j ) .  8 7 5

M a e s t a s ,  S . D i f f u s io n  o f  h y d r o g e n  in  
g o l d - p a l l a d i u m  a l lo y s .  8 5 0  

M a e s t r i ,  M .  Q u e n c h in g  o f  t h e  t r i s ( d i p y r i =  
d y l ) r u t h e n i u m ( I I )  p h o s p h o r e s c e n c e  b y  
h e x a c y a n o e h r o m a t e ( S - ) . E v id e n c e  f o r  a  
d i f f u s i o n - c o n t r o l l e d  m e c h a n i s m .  8 6 1  

M a i e r ,  H .  N . H e t e r o n u c l e a r  r e c o m b i n a t i o n  
o f  c h lo r i n e  a n d  i o d in e  a t o m s  i n  t h e  f l a s h  
p h o t o l y s is  o f  i o d in e  m o n o c h lo r i d e .  4 3 0  

M a i n w a r i n g ,  D .  D .  S ta b le  p r o d u c t  y i e l d s  
f r o m  th e  y - i r r a d i a t i o n  o f  3 - m e t h y l p e n =  
t a n e - h i4 g la s s ,  l i q u i d ,  a n d  g a s  a n d  
3- m e t h y l p e n t a n e - d i4 g la s s .  2 8 6 4  

M a j c h r z a k ,  S . H i g h - p r e s s u r e  i n v e s t i g a t i o n  
o f  t h e  r h o d i u m / p a l l a d i u m / h y d r o g e n  
s y s t e m .  3 5

M a k s i c ,  Z .  B .  A d d i t i v i t y  e q u a t io n  f o r  
c a l c u l a t i n g  s e c o n d  m o m e n t s  o f  th e  
e l e c t r o n i c  c h a r g e  d i s t r i b u t i o n .  1 5 2 0  

M a l a t e s t a ,  V .  U l t r a v i o l e t  a n d  e le c t r o n  s p in  
r e s o n a n c e  s p e c t r a  o f  n i t r o p y r i d i n e s  a n d  
n i t r o p y r i d i n e  N - o x id e s .  2 7 4 4  

M a m o u ,  A .  I o n i c  y i e l d s  i n  m e t h a n o l  m e a =  
s u r e d  b y  c o n d u c t o m e t r i c  p u ls e  r a d i o l y s i s  
5 9 7

M a m o u ,  A .  R e a c t i o n  o f  h y d r o x y l  r a d i c a l s  
w i t h  p o l y e t h y le n e  o x id e  i n  a q u e o u s  
s o lu t io n .  2 4 2 0

M a n d e l ,  M .  I n t e r a c t i o n  b e t w e e n  c r y s t a l  
v i o l e t  a n d  p o l y  ( m e t h a c r y l i c  a c id )  in  
a q u e o u s  s o lu t io n s .  I .  R e s u l t s  f r o m  
s p e c t r o s c o p ic  m e a s u r e m e n t s  a n d  d i a l y s is  
1 7 7 2

M a n d e l ,  M .  I n t e r a c t i o n  b e t w e e n  c r y s t a l  
v i o l e t  a n d  p o l y  ( m e t h a c r y l i c  a c i d )  in  
a q u e o u s  s o lu t io n s .  I I .  P o t e n t i o m e t r i c  
a n d  v i s c o s i m e t r i c  r e s u l t s .  G e n e r a l  
d is c u s s io n .  1 7 7 8

M a n e s ,  M .  A p p l i c a t i o n  o f  t h e  P o l a n y i
a d s o r p t i o n  p o t e n t ia l  t h e o r y  t o  a d s o r p t i o n  
f r o m  s o lu t i o n  o n  a c t i v a t e d  c a r b o n .  I V .  
S t e r i c  f a c t o r s ,  a s  i l l u s t r a t e d  b y  th e  
a d s o r p t i o n  o f  p l a n a r  a n d  o c t a h e d r a l  
m e t a l  a c e t y la c e t o n a t e s .  8 0 9  

M a n n ,  J .  A .  P h y s i c a l  p r o p e r t i e s  o f  t h i n  
s o a p  f i l m s  m e a s u r e d  b y  e le c t r o n  s p in  
r e s o n a n c e  e x c h a n g e  b r o a d e n in g .  3 0 2 0  

M a n n ,  J .  A .  K in e t i c  t h e o r y  m o d e l  f o r
i n s o lu b le  m o n o la y e r  t r a n s p o r t  p r o p e r t i e s .  
D i l u t e  g a s  c a s e .  3 0 2 4

M a n n in g ,  G . S . A p p l i c a t i o n  o f  p o l y e l e c t r o =  
l y t e  l i m i t i n g  la w s  t o  p o t e n t io m e t r i c  
t i t r a t i o n .  2 2 0 6

M a n o c h a ,  A .  S . F a r - i n f r a r e d  s p e c t r a  a n d  
b a r r i e r  t o  i n t e r n a l  r o t a t i o n  o f  e t h a n e t h io l  
1 9 7 7

M a n o c h a ,  A . S . B a r r i e r s  t o  i n t e r n a l  r o t a t i o n  
i n  s o m e  m - s u b s t i t u t e d  p h e n o ls .  2 0 9 4  

M a r c h a l ,  E .  I n t e r a c t i o n  o f  a  p o l y p e p t i d i c  
n e m a t ic  m e s o  p h a s e  w i t h  a c id ic  m o l e c 
u le s .  2 9 2 5

M a r c ia c q - R o u s s e lo t ,  M .  M .  N u c l e a r
m a g n e t i c  r e s o n a n c e  c h e m i c a l  s h i f t  o f  t h e  
w a t e r  p r o t o n  i n  a q u e o u s  a l c o h o l i c  s o lu =  
t io n s  a t  v a r i o u s  t e m p e r a t u r e s .  T h e r m o ^  
d y n a m i c  p r o p e r t i e s  o f  t h e s e  s o lu t io n s .
1 0 5 6

M a r c o u x ,  L .  D i g i t a l  s i m u l a t i o n  o f  e d g e  
e f f e c t s  a t  p l a n a r  d i s k  e le c t r o d e s .  1 0 5 1  

M a r c u s ,  Y .  N o n s t o i c h io m e t r i c  i n t e r a c t i o n s  
o f  l o n g - c h a i n  a m m o n iu m  s a l t s  i n  o r g a n i c  
s o lv e n t s .  5 1 6

M a r e n c h i c ,  M .  G . C a l o r i m e t r i c  i n v e s t i g a t i o n  
o f  t h e  a s s o c ia t io n  o f  v a r i o u s  p u r i n e  b a s e s  
i n  a q u e o u s  m e d ia .  5 4 4  

M a r g e r u m ,  J .  D .  P h o t o p o ly m e r i z a t i o n  
m e c h a n is m s .  I I .  R a t e s  o f  i o n i c  d a r k  
a d d i t i o n  o f  b e n z e n e s u l f in a t e  io n s  t o  
a c r y l i c  m o n o m e r s .  2 7 2 0  

M a r i n o ,  C . P .  I n f r a r e d  s p e c t r a  o f  th e
a lu m i n u m  f a m i l y  s u b o x id e s .  C o m m e n t s .  
2 9 2 9

M a r i n s k y ,  J .  A .  P r e d i c t i o n  o f  i o n - e x c h a n g e  
s e l e c t i v i t y .  2 1 2 8

M a r k h a m ,  J .  Q u e n c h in g  o f  th e  lu m in e s c e n t  
s t a t e  o f  t r i s ( 2 , 2 ' - b i p y r i d i n e ) r u t h e n i u m  ( I I )  
b y  e l e c t r o n i c  e n e r g y  t r a n s f e r .  3 0 4 2  

M a r k o v i c ,  V .  E le c t r o n  r e a c t i o n s  in  a q u e o u s  
c o n c e n t r a t e d  a c id  s o lu t io n s .  2 5 2 7  

M a r t i n ,  D .  S . J r .  P o l a r i z e d  e le c t r o n i c  
c r y s t a l  a b s o r p t i o n  s p e c t r a  o f  d i b r o m o =  
( e t h y l e n e d i a m i n e ( p l a t i n u m ( I I ) . 3 0 7 7  

M a r t i n ,  R .  B .  D i s u l f i d e  v i b r a t i o n a l  s p e c t r a  
i n  t h e  s u l f u r - s u l f u r  a n d  c a r b o n - s u l f u r  
s t r e t c h i n g  r e g io n .  1 1 2 9  

M a r t i n ,  T .  H .  O u t e r  s p h e r e  c o m p le x  b e t =  
w e e n  t r i s e t h y l e n e d i a m i n e c o b a l t ( I I I )  a n d  
p h o s p h a te .  6 3 7

M a s e t t i ,  F .  E x c i t e d  s t a t e  r e a c t i v i t y  o f  a z a  
a r o m a t i c s .  I .  B a s i c i t y  o f  3 - s t y r y l p y r i =
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d in e s  in  th e  f i r s t  e x c i t e d  s i n g le t  s t a t e .
6 01

M a s s o u d i ,  R .  S o l u b i l i t y  o f  a l c o h o ls  in
c o m p r e s s e d  g a s e s .  C o m p a r i s o n  o f  v a p o r - =  
p h a s e  i n t e r a c t i o n s  o f  a lc o h o ls  a n d  h o m o =  
m o r p h i c  c o m p o u n d s  w i t h  v a r i o u s  g a s e s .
I I .  1 - B u t a n o l ,  d i e : h y l  e t h e r ,  a n d  n - p e n =  
ta n e  i n  c o m p r e s s e d  n i t r o g e n ,  a r g o n ,  
m e th a n e ,  e t h a n e ,  a n d  c a r b o n  d io x id e  a t  
2 5 ° . 2 0 1 6

M a t e s i c h ,  M .  A .  T r a n s p o r t  p r o p e r t i e s  in  
h y d r o g e n  b o n d in g  s o lv e n t s .  V I I .  C o n =  
d u c ta n c e  o f  e l e c t r o l y t e s  i n  1,1, 1 , 3 , 3 , 3 - =  
h e x a f l u o r o - 2 - p r o p a n o l .  3 6 6  

M a th e s o n ,  M .  S . Y ie l d s  a n d  d e c a y  o f  th e  
h y d r a t e d  e l e c t r o n  a t  t i m e s  g r e a t e r  t h a n  
2 0 0  p ic o s e c o n d s .  1 8 3 8  

M a t h e s o n ,  M .  S . R a d i o l y t i c  y i e l d s  o f
h y d r a t e d  e le c t r o n s  a t  3 0  t o  1 0 0 0  p ic o s e  =  
c o n d s  a f t e r  e n e r g y  a b s o r p t i o n .  4 2 5  

M a th e s o n ,  M .  S . R e a c t i o n  o f  h y d r o x y l  
r a d i c a l s  w i t h  p o l y e t h y le n e  o x id e  in  
a q u e o u s  s o lu t i o n .  2 4 2 0  

M a t h ia s ,  D .  H y d r o g e n  b o n d in g  a n d  F e r m i  
r e s o n a n c e  o f  a n i l i n e .  2 0 8 1  

M a t s u i ,  T .  T h e r m o d y n a m i c  i n v e s t i g a t i o n  
o f  c o m p le x  f o r m a t i o n  b y  h y d r o g e n  
b o n d in g  in  b i n a r y  i q u i d  s y s t e m s .  C h lo =  
r o f o r m  w i t h  t r i e t h y l a m i n e ,  d i m e t h y l  
s u l f o x id e ,  a n d  a c e to n e .  2 3 9 7  

M a y ,  R  Y ie ld s  o f  e x c i t e d  s t a t e s  i n  th e
p u ls e  r a d i o l y s i s  o f  c y c lo h e x a n e  s o lu t io n s .
45

M a y n a r d ,  V .  R .  M e a s u r e m e n t  o f  d i f f u s i o n  
c o e f f i c i e n t s  o f  o c ta n e  i s o m e r s  b y  th e  
c h r o m a t o g r a p h i c  b r o a d e n in g  m e th o d .
1 4 3 7

M a y o r g a ,  G . T h e r m o d y n a m i c s  o f  e l e c t r o  =  
l y t e s .  I I .  A c t i v i t y  a n d  o s m o t i c  c o e f f i  =  
c ie n t s  f o r  s t r o n g  e l e c t r o l y t e s  w i t h  o n e  o r  
b o t h  io n s  u n i v a l e n t .  2 3 0 0  

M a z z o la ,  E .  V i b r a t i o n a l  s p e c t r a ,  s t r u c t u r e ,  
a n d  n a t u r e  o f  th e  p h o s p h o r u s - n i t r o g e n  
d o u b le  b o n d  in  N , F , P , P - t e t r a m e t h y l  =  
p h o s p h in e  im i d e  a n d  N - m e t h y l - d 3- P , P , =  
P - t r i m e t h y l p h o s p h i n e  i m i d e .  1 5 0 6  

M a z z u c a t o ,  U .  E x c i t e d  s t a t e  r e a c t i v i t y  o f  
a z a  a r o m a t i c s .  I .  B a s i c i t y  o f  3 - s t y r y l p y =  
r i d i n e s  i n  t h e  f i r s t  e x c i t e d  s i n g le t  s t a t e .
6 0 1

M a z z u c a t o ,  U .  E x c i t e d  r e a c t i v i t y  o f  a z a  
a r o m a t i c s .  I I .  S o lv e n t  p r o t o n a t i o n  
e f f e c t s  o n  p h o t o i s o m e r iz a t i o n  a n d  lu  =  
m in e s c e n c e  o f  s t y r y l p y r i d i n e s .  6 0 5  

M e d a r y ,  R .  T .  P r o t o n  m a g n e t i c  r e s o n a n c e  
i n v e s t i g a t i o n s  o f  a l k y l a m m o n i u m  c a r b  = 
o x y la t e  m i c e l le s  in  n o n a q u e o u s  s o lv e n t s .
I I .  E f f e c t s  o f  c a r b o x y la t e  s t r u c t u r e  in  
b e n z e n e  a n d  in  c a r b o n  t e t r a c h l o r i d e .
1 4 3 2

M e d a r y ,  R .  T .  P r o t o n  m a g n e t i c  r e s o n a n c e  
i n v e s t i g a t i o n s  o f  a l k y l a m m o n i u m  c a r b  =  
o x y la t e  m ic e l le s  i n  n o n a q u e o u s  s o lv e n t s .
I I I .  E f f e c t s  o f  s o lv e n t s .  1 8 7 6  

M e e h a n ,  E .  J .  R e d u c t i o n  o f  m e r c u r i c
c h lo r i d e  t o  m e r c u r o u s  c h l o r i d e  in d u c e d  
b y  th e  o x i d a t io n  o f  o x a l i c  a c id .  1 2 6 2  

M e g g i t t ,  S . M .  A . T h e o r e t i c a l  g e l  c h r o m a t o =  
g r a p h i c  b e h a v i o r  o f  i r r e v e r s i b l y  i s o m e r i z =  
i n g  s y s t e m s  s u b je c t  t o  k i n e t i c  c o n t r o l .
3 5 2

M e la m u d ,  E .  R a d i c a l s  b o n d e d  t o  p o r o u s  
V y c o r  g la s s .  1 0 2 3

M e la m u d ,  E .  a - z  P o l a r i z a t i o n  p a r a m e t e r s  
f o r  o x y g e n - 1 7  in  o r g a n i c  a n d  i n o r g a n i c  tt 
r a d i c a l s .  1 8 9 6

M e l t o n ,  C . E .  F o r m a t i o n  o f  n e g a t i v e  io n s  in  
n i t r i c  o x id e  a n d  t h e  i n t e r a c t i o n  o f  n i t r i c  
o x id e  w i t h  h y d r i d e  a n d  o x y g e n ( 1- )  io n s  
f r o m  w a t e r .  2 5 9 4

M e n d e n h a l l .  G . D .  T h e r m o c h e m i s t r y  o f  
t h e  b r o m i n a t i o n  o f  c a r b o n  t e t r a c h l o r i d e  
a n d  t h e  h e a t  o f  f o r m a t i o n  o f  c a r b o n  
t e t r a c h l o r i d e .  2 7 0 7

M e n n in g a ,  L .  S o lv e n t  e f f e c t s  o n  t h e  s o l v o l y =  
s is  o f  c o v a le n t  s u l f o n y l m e t h y l  p e r c h lo  = 
r a t e s  i n  a q u e o u s  m e d ia .  E f f e c t  o f  w a t e r  
s t r u c t u r e  o n  p r o t o r .  t r a n s f e r  r e a c t io n s .
1 2 7 1

M e t t e e ,  H .  D .  V a p o r - p h a s e  d i s s o c ia t i o n  
e n e r g y  o f  d i m e r i c  h y d r o g e n  c y a n id e .
1 7 6 2

M e y e r ,  E .  F .  T h e r m o d y n a m i c  s t u d y  o f  
s o lu t e - s o l v e n t  i n t e r a c t i o n s  u s in g  g a s - l i  = 
q u id  c h r o m a t o g r a p h y .  2 1 4 0  

M e y e r ,  R .  T .  C h e m ic a l  r e a c t i o n s  o f  c a r b o n  
a t o m s  a n d  m o le c u le s  f r o m  l a s e r - i n d u c e d  
v a p o r i z a t i o n  o f  g r a p h i t e  a n d  t a n t a l u m  
c a r b id e .  1 0 8 3

M e y e r s t e in ,  D .  P h o t o d i s s o c ia t i o n  o f  io d o a  =  
r o m a t ic s  i n  s o lu t i o n .  3 0 4 4  

M e z a k i ,  R .  I d e n t i f i c a t i o n  o f  r a t e - c o n t r o l l i n g  
s t e p s  f o r  th e  w a t e r - g a s  s h i f t  r e a c t i o n  
o v e r  a n  i r o n  o x id e  c a t a l y s t .  4 4 7

M e z a k i ,  R .  M e c h a n i s t i c  s t r u c t u r e  o f  th e  
w a t e r - g a s  s h i f t  r e a c t i o n  in  th e  v i c i n i t y  o f  
c h e m i c a l  e q u i l i b r i u m .  1 6 0 1  

M ia lo c q ,  J .  C . F la s h  p h o t o l y s is  o f  c h lo r i n e  
d io x id e  in  a q u e o u s  s o lu t io n .  7 4 2  

M i c h a e l i ,  I .  R e l a x a t io n  o f  h e x a a q u o c h r o m i=  
u r n 13 + )  a n d  h e x a a q u o m a n g a n e s e (2+ ) 
io n s  in  p o l y a c r y l o n i t r i l e  in  t h e  g la s s y  
a n d  r u b b e r - l i k e  s t a t e s  s t u d ie d  b y  e le c t r o n  
s p in  r e s o n a n c e .  1 3 7 8  

M i c i c ,  O . I .  E le c t r o n  r e a c t i o n s  i n  a q u e o u s  
c o n c e n t r a t e d  a c id  s o lu t io n s .  2 5 2 7  

M i l l e r ,  G .  A .  B r i l l o u i n  s p e c t r a  o f  s o lu t io n s .
I I I .  E x c e s s  f r e e  e n e r g y  o f  s o m e  r e l a x i n g  
b i n a r y  l i q u i d  m i x t u r e s .  2 4 4 1  

M i l l e r ,  L .  J .  P h o t o p o ly m e r i z a t i o n  m e c h a n =  
is m s .  I I .  R a t e s  o f  i o n i c  d a r k  a d d i t i o n  o f  
b e n z e n e s u l f in a t e  io n s  t o  a c r y l i c  m o n o m  =  
e r s .  2 7 2 0

M i l l e r ,  W . G . N i t r o x i d e  s p in - l a b e le d  
p o l y - y - b e n z y l - t t . L - g l u t a m a t e .  1 8 2  

M i l l e r ,  W .  G . M o l e c u l a r  w e i g h t  d e p e n d e n c e  
o f  th e  c h l o r i n e - 3 5  n u c l e a r  m a g n e t i c  
r e s o n a n c e  l i n e  w i d t h  i n  p o ly p e p t id e s .
2 7 5 9

M i l l s ,  R .  S e l f - d i f f u s io n  i n  n o r m a l  a n d  
h e a v y  w a t e r  i n  t h e  r a n g e  1 -4 5 ° .  6 8 5  

M i m s ,  C . A .  C r o s s e d - b e a m s  r e a c t i o n s  o f  
b a r i u m ,  s t r o n t i u m ,  a n d  c a l c i u m  w i t h  
s o m e  h a l id e s  o f  m e t h a n e .  5 6 9  

M im s ,  C . A .  C r o s s e d  b e a m s  c h e m i s t r y .  
R e a c t io n s  o f  b a r i u m ,  s t r o n t i u m ,  a n d  
c a l c i u m .  2 9 3 1

M is o n o ,  M .  O x i d a t i o n - r e d u c t i o n  p r o p e r t i e s  
o f  c o p p e r - a n d  n i c k e l - s u b s t i t u t e d  h y d r o x =  
y a p a t i t e s .  7 9 1

M i t t a l ,  J .  P .  P h o t o - i n d u c e d  d e c a r b o x y l a t i o n  
o f  a l i p h a t i c  a c id s  a n d  e s t e r s  i n  s o lu t io n .  
D e p e n d e n c e  u p o n  s t a t e  o f  p r o t o n a t i o n  o f  
t h e  c a r b o x y l  g r o u p .  1 4 8 2  

M i t t a l ,  J .  P .  F la s h  p h o t o l y s is  o f  p h e n y lg l y =  
c in e  i n  a q u e o u s  s o lu t io n s .  1 6 2 0  

M i t t a l ,  J .  P .  I n t r a m o l e c u l a r  p h o t o l y t i c
i n t e r a c t i o n s  o f  a r o m a t i c  c a r b o x y l i c  a c id s  
i n  s o lu t io n .  2 2 6 7

M i t t a l ,  L .  J .  F l a s h  p h o t o l y s is  o f  p h e n y l g l y  =  
c in e  in  a q u e o u s  s o lu t io n s .  1 6 2 0  

M i t t a l ,  L .  J .  P h o t o - i n d u c e d  d e c a r b o x y la t i o n  
o f  a l i p h a t i c  a c id s  a n d  e s t e r s  in  s o lu t io n .  
D e p e n d e n c e  u p o n  s t a t e  o f  p r o t o n a t i o n  o f  
t h e  c a r b o x y l  g r o u p .  1 4 8 2  

M i t t a l ,  L .  J .  I n t r a m o l e c u l a r  p h o t o l y t i c
i n t e r a c t i o n s  o f  a r o m a t i c  c a r b o x y l i c  a c id s  
i n  s o lu t io n .  2 2 6 7

M  i u r a ,  T .  O p t i c a l  p r o p e r t i e s  o f  s o d iu m
i . - l , 3 , 5 - t r i p h e n y l - A 2- p y r a z o l i n y l  s u l f a t e .  
1 8 1 7

M i y a t a ,  H .  I n t e r a c t i o n  o f  o x y g e n  w i t h  
a c e to n e  a n d  2- p r o p a n o l  a d s o r b e d  o n  
m a g n e s iu m  o x id e .  1 4 1  

M i y a z a k i ,  T .  S e le c t iv e  h y d r o g e n  a to m  
a b s t r a c t i o n  b y  h y d r o g e n  a t o m s  i n  n e o =  
p e n t a n e - a l k a n e  m i x t u r e s  a t  7 7 ° K .  2 3 6 5  

M i y a z a k i ,  T .  E v id e n c e  f o r  i o n - m o le c u le
r e a c t i o n  o f  h y d r o g e n  t r a n s f e r  i n  y - i r r a d i =  
a te d  2 , 3 - d i m e t h y l b u t a n e  a t  7 7 ° K  a s  
s t u d ie d  b y  e le c t r o n  s p in  r e s o n a n c e  
s p e c t r o s c o p y .  2 4 1 8  

M i y o s h i ,  K .  C o n d u c t a n c e  a n d  i o n - p a i r
f o r m a t i o n  o f  b is  ( 2 , 9 - d i m e t h y l  l - 1 0 - p h e =  
n a n t h r o l i n e ) c o p p e r ( I )  p e r c h l o r a t e .  I I .  I n  
n i t r o b e n z e n e - c a r b o n  t e t r a c h l o r i d e  a n d  
m e t h a n o l - c a r b o n  t e t r a c h l o r i d e  m i x t u r e s .  
5 1 9

M i y o s h i ,  K .  C o n d u c t a n c e  a n d  io n  p a i r
f o r m a t i o n  o f  b i s ( 2 , 9 - d i m e t h y l - l , 1 0 - p h e  =  
n a n t h r o l i n e ) c o p p e r ( I )  p e r c h l o r a t e .  I I I .
I n  a c e t o n i t r i l e - c a r b o n  t e t r a c h l o r i d e  a n d  
w a t e r - d i o x a n e  m i x t u r e s .  8 1 9  

M o d ic a ,  A .  P . S h o c k  tu b e  s t u d y  o f  s u l f u r  
h e x a f l u o r i d e  a n d  s u l f u r  c h l o r i d e  p e n t a f =  
l u o r i d e  e q u i l i b i u m  d e c o m p o s i t io n .  2 7 1 3  

M o e c k e l ,  H .  P u ls e  r a d i o l y t i c  s t u d y  o f  th e  
s i t e  o f  h y d r o x y l  r a d i c a l  a t t a c k  o n  a l ip h a t  =  
i c  a lc o h o ls  in  a q u e o u s  s o lu t i o n .  1 2 1 8  

M o e c k e l ,  H .  E f f e c t  o f  p h o t o io n iz a t i o n  
e n e r g y  o n  t h e  d is t a n c e  d i s t r i b u t i o n  
b e t w e e n  t r a p p e d  e le c t r o n s  a n d  N , N , N ' , =  
N ' - t e t r a m e t h y l - p - p h e n y l e n e d ia m i n e  
c a t i o n s  i n  o r g a n i c  g la s s e s .  3 0 3 5  

M o g g i ,  L .  Q u e n c h in g  o f  th e  t r i s l d i p y r i d y l ) = 
r u t h e n i u m  ( I I )  p h o s p h o r e s c e n c e  b y  h e x a =  
c y a n o c h r o m a t e ( 3 - ) .  E v id e n c e  f o r  a  
d i f f u s i o n - c o n t r o l l e d  m e c h a n i s m .  8 6 1  

M o g g i ,  L .  Q u e n c h in g  o f  t h e  t r i s ( e t h y l e n e d i  =  
a m in e  » c h r o m iu m  ( I I I ) p h o s p h o r e s c e n c e  
b y  s o m e  t r a n s i t i o n  m e t a l  io n s  in  a q u e o u s  
s o lu t io n s .  2 6 1 4

M o g g i ,  L .  R o le  o f  t h e  e x c i t e d  s t a t e s  i n  th e  
p h o t o c h e m ic a l  a n d  p h o t o p h y s i c a l  b e h a v =  
i o r  o f  t r i s ( e t h y l e n e d i a m i n e ) c h r o m i u m ( I I I )  
i n  a q u e o u s  s o lu t io n s .  2 9 4 7

M o h i l n e r .  D .  M .  E f f e c t  o f  2 - b u t a n o l  o n  t h e  
a c t i v i t y  o f  s o d iu m  s u l f a t e  in  a q u e o u s  
s o lu t io n s .  I m p l i c a t i o n s  f o r  e l e c t r o s o r p t i o n  
s t u d ie s .  1 5 9 4

M o ld n e r ,  M .  D i e le c t r i c  c o n s t a n t s  o f  a m i d e - =  
w a t e r  s y s te m s .  3 7 3

M o r g a n ,  J .  D .  J r .  E x p l o r a t o r y  s h o c k - w a v e  
s t u d y  o f  t h e r m a l  n i t r o g e n  t r i f l u o r i d e  
d e c o m p o s i t io n  a n d  r e a c t i o n s  o f  n i t r o g e n  
t r i f l u o r i d e  a n d  d i n i t r o g e n  t e t r a f l u o r i d e  
w i t h  h y d r o g e n .  2 8 2 3

M o r g a n ,  T .  V .  D e t e c t i o n  o f  f l u o r o a l k y l  a n d  
a c y l  r a d i c a l s  i n  t h e  g a s - p h a s e  p h o t o l y s is  
o f  k e to n e s  a n d  a ld e h y d e s  b y  e le c t r o n  
s p in  r e s o n a n c e  g a s - p h a s e  s p in  t r a p p i n g  
t e c h n iq u e s .  1 39

M o r g a n ,  W . E .  B in d i n g  e n e r g y  s h i f t s  in  th e  
x - r a y  p h o t o e le c t r o n  s p e c t r a  o f  a  s e r ie s  o f  
r e l a t e d  G r o u p  I V a  c o m p o u n d s .  9 6 4  

M o r g a n ,  W . R .  I n v e s t ig a t i o n  o f  s p e c i f i c
a c id  c a t a l y s i s  b y  s u b s t i t u t e d  a c e t i c  a c id s  
o n  t h e  p r o t o n  e x c h a n g e  o f  N , N ' - d i m e t h y =  
l u r e a  b y  n u c le a r  m a g n e t i c  r e s o n a n c e .
2 9 9 9

M o r i ,  Y .  T e m p e r a t u r e  d e p e n d e n t  e le c t r o n  
s p in  r e s o n a n c e  s p e c t r u m  o f  c h lo r i n e  
t r i o x i d e  r a d i c a l s  t r a p p e d  i n  m a g n e s iu m  
p e r c h l o r a t s .  3 0 5 8

M o r o s i ,  G .  U l t r a v i o l e t  a n d  e le c t r o n  s p in  
r e s o n a n c e  s p e c t r a  o f  n i t r o p y r i d i n e s  a n d  
n i t r o p v r i d i n e  N - o x id e s .  2 7 4 4  

M o r r i s ,  B .  D i e l e c t r i c  p r o p e r t i e s  o f  s o m e  
c l a t h r a t e  h y d r a t e s  o f  s t r u c t u r e  I I .  2 9 6 9  

M o r r i s ,  E .  D .  J r .  R e a c t i o n  o f  d i n i t r o g e n  
p e n t o x id e  w i t h  w a t e r .  1 9 2 9  

M o r r i s ,  E .  D .  J r .  R e a c t i o n  o f  n i t r o g e n  
d io x id e  w i t h  o z o n e .  2 5 0 7  

M o r r i s o n ,  G . S h a p e  o f  t h e  c o e x is t e n c e
c u r v e  o f  t e r n a r y  l i q u i d  m i x t u r e s  n e a r  th e  
p l a i t  p o i n t .  1 5 7 2

M o r r o w ,  B .  A .  I n f r a r e d  s p e c t r a  o f  th e
i s o la t e d  h y d r o x y l  g r o u p s  o n  s i l i c a .  1 4 6 5  

M o r r o w ,  B .  A .  I n f r a r e d  s t u d ie s  o f  th e  
f o r m a t i o n  o f  h y d r o x y l  g r o u p s  d u r i n g  
h y d r o g e n - o x y g e n  r e a c t i o n s  o n  n o b le  
m e t a l  c a t a l y s t s .  3 0 5 2  

M o r t i e r ,  W .  J .  L o c a t i o n  o f  c a t i o n s  in
s y n t h e t i c  z e o l i t e s  X  a n d  Y .  I I I .  P o t a s s i=  
u m - a l k y l a m m o n i u m  Y  z e o l i t e s .  2 8 8 0  

M o r t l a n d ,  M .  M .  S t e r e o c h e m is t r y  o f  h y d =  
r a t e d  c o p p e r ( I I )  i o n s  o n  t h e  i n t e r l a m e l l a r  
s u r f a c e s  o f  l a y e r  s i l i c a t e s .  E le c t r o n  s p in  
r e s o n a n c e  s t u d y .  1 9 6  

M o r t o n ,  J .  R .  E le c t r o n  s p in  r e s o n a n c e  
s p e c t r a  o f  s u l f a n y l  r a d i c a l s  i n  s o lu t io n .  
2 6 4 5

M o t e l l ,  E .  L .  C a r b o n - 1 3  c h e m ic a l  s h i f t s  o f  
b e n z o c y c lo a lk e n e s .  1 8 6 5  

M o u n t a in ,  P .  F .  D i e le c t r i c  s t u d ie s .
X X X I I I .  E s t a b l i s h m e n t  o f  a c e t y l  g r o u p  
r e l a x a t i o n  in  m o n o - a n d  p - s u b s t i t u t e d  
b e n z e n e  c o m p o u n d s .  7 1 4  

M o y n ih a n .  C . T .  P r o t o n  m a g n e t i c  r e s o n a n c e  
c h e m i c a l  s h i f t s  a n d  t h e  h y d r o g e n  b o n d  
i n  c o n c e n t r a t e d  a q u e o u s  e l e c t r o l y t e  
s o lu t io n s .  1 8 6 9

M u e l l e r ,  G . W  S h o c k  t u b e  i s o m e r i z a t i o n  o f  
c y c lo p r o p a n e .  I I .  V i b r a t i o n a l l y  e x c i t e d  
i n t e r m e d i a t e .  1 4 3

M u e n o w ,  D .  W .  M a s s - s p e c t r o m e t r i c  e v i=  
d e n c e  f o r  t h e  g a s e o u s  s i l i c o n  o x id e  
n i t r i d e  m o le c u le  a n d  i t s  h e a t  o f  a t o m iz a =  
t io n .  9 7 0

M u k h e r j e e ,  D .  K .  V i b r a t i o n a l  s p e c t r a  a n d  
r o t a t i o n a l  i s o m e r i s m  o f  l , 2- p r o p a n e d i  =  
t h i o l .  4 6 9

M u l le n ,  P .  A .  U l t r a v i o l e t  a b s o r p t i o n  s p e c t =  
r u m  o f  p e n t a e r y t h r i t o l  t e t r a n i t r a t e .  9 1 0  

M u n g e n a s t ,  M .  D i e le c t r i c  b e h a v i o r  o f  th e  
t e r n a r y  s y s t e m  b e n z e n e - c y c lo h e x a n e - d i=  
o x a n e .  1 2 2 5

M u t o ,  H .  E le c t r o n  s p in  r e s o n a n c e  s t u d y  o n  
th e  a c r y l i c  a c id  a n io n  r a d i c a l  a n d  i t s  
p r o t o n a t i o r .  i n  s o m e  i r r a d i a t e d  f r o z e n  
s o lu t io n s .  2 7 3 9

M y e r s ,  K .  H ig h - r e s o lu t i o n  x - r a y  e m is s io n  
s t u d y  o f  p h o s p h o r u s  a t o m - l i g a n d  b o n d in g  
i n  b i s ( 0,0' - d i e t h y l d i t h i o p h o s p h a t e ) n i c k =  
e l  ( I I )  a n d  r e l a t e d  c o m p o u n d s .  2 8 0  

M y s e ls ,  K .  J .  F i l m  b u r s t i n g .  V .  E f f e c t  o f  
v a r i o u s  a t m o s p h e r e s  a n d  th e  a n o m a ly  o f  
N e w t o n  b la c k  f i l m s .  1 6 9 2  

N a c c a c h e ,  C . E le c t r o n  s p in  r e s o n a n c e  
s t u d y  o f  o x y g e n  s p e c ie s  a d s o r b e d  o n  

- i r r a d i a t e d  z e o l i t e s .  1 6 0 6  
N a g y ,  Z s .  P e r i o d i c i t y  i n  t h e  r a t e  o f  h e a t  

e v o lu t io n  d u r i n g  th e  t e m p o r a l  o s c i l l a t i o n  
i n  t h e  2 , 4 - f  e n t a n e d i o n e - b r o m a t e - c a t a l y s t  
s y s t e m .  3 1 2 2

N a k a d o m a r i ,  H .  E f f e c t  o f  2 - b u t a n o l  o n  t h e  
a c t i v i t y  o f  s o d iu m  s u l f a t e  i n  a q u e o u s  
s o lu t io n s .  I m p l i c a t i o n s  f o r  e l e c t r o s o r p t i o n  
s t u d ie s .  1 5 9 4
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N a k a m u r a ,  K .  E le c t r o n  p a r a m a g n e t i c  
r e s o n a n c e  s t u d ie s  o f  t h e  k i n e t i c s  o f  th e  
i n t r a m o l e c u l a r  c a t i o n  m i g r a t i o n  p r o c e s s  
in  a l k a l i  m e t a l  a n t h r a q u in o n e .  7 0 8  

N a k a s h im a ,  M .  E x t e n d e d  H u e c k e l  m o le c u =  
l a r  o r b i t a l  c a l c u l a t i o n  o n  4 - m e t h y l u m b e l  =  
l i f e r o n e  a n d  i t s  t a u t o m e r .  8 6 0  

N a m ik i ,  A .  E le c t r o n i c  s p e c t r a  o f  t r a p p e d  
e le c t r o n s  in  o r g a n i c  g la s s e s  a t  4 ° K .  V .  
A l i p h a t i c  a m in e s .  1 8 0 3  

N a n d y ,  S . K .  V i b r a t i o n a l  s p e c t r a  a n d
r o t a t i o n a l  i s o m e r i s m  o f  l , 2- p r o p a n e d i=  
t h i o l .  4 6 9

N a t a r a j a n ,  P .  D i r e c t  o b s e r v a t i o n  o f  t h e  
d i b r o m i d e  r a d i c a l  a n io n  o x i d a t io n  o f  
t r i s ( b i p y r i d y l » r u t h e n i u m <I I ». E v id e n c e  
f o r  a  t r i p l e t - t o - t r i p l e t  e n e r g y  t r a n s f e r  
m e c h a n i s m  i n  t h e  p h o t o s e n s i t i z e d  r e d o x  
d e c o m p o s i t i o n  o f  c o b a l t  ( I I I )  s u b s t r a t e s .
9 7 1

N a t a r a j a n ,  P .  M e c h a n i s m  o f  t h e  t r i s ( b i p y r i =  
d v l ) r u t h e n i u m  ( I I )  p h o t o s e n s i t i z e d  r e d o x  
d e c o m p o s i t i o n  o f  c o b a l t «  I I I  i c o m p le x e s  
a n d  th e  r e a c t i v i t y  p a t t e r n s  o f  s o m e  
p r i m a r y  r a d i c a l s .  1 8 2 3  

N a t a r a j a n ,  P .  P h o t o r e d o x  b e h a v i o r  o f  
t r a n s i t i o n  m e t a l - e t h y l e n e d i a m i n e t e t r =  
a a c e t a t e  c o m p le x e s .  C o m p a r is o n  o f  
s o m e  G r o u p  V I I I  m e t a l s .  2 0 4 9  

N a v o n ,  G .  N u c l e a r  m a g n e t i c  r e s o n a n c e  
s t u d y  o f  th e  p r o t o n  e x c h a n g e  r e a c t i o n  o f  
h e x a m m i n e r u t h e n i u m ( I I I ) .  9 6 0  

N a z h a t ,  N .  B .  R e d u c t i o n  o f  m e r c u r i c  
c h l o r i d e  b y  h y d r a t e d  e le c t r o n s  a n d  
r e d u c i n g  r a d i c a l s  i n  a q u e o u s  s o lu t io n s .  
F o r m a t i o n  a n d  r e a c t i o n s  o f  m e r c u r y  
c h l o r i d e  ( H g C l ) .  6 1 4  

N e e ly ,  B .  D .  K i n e t i c  i s o to p e  e f f e c t s  i n  th e  
d e h y d r o f l u o r i n a t i o n  o f  c h e m i c a l l y  a c t i v a t e  
e d  1 . 1 , 1 - t r i f l u o r o e t h a n e .  3 0 7  

N e f f ,  R .  O . S t a t i s t i c a l  m e c h a n i c a l  t h e o r y  o f  
s o l u b i l i t y .  4 1 3

N e ls o n ,  R .  D .  J r .  D i e le c t r i c  b e h a v i o r  o f  th e  
t e r n a r y  s y s t e m  b e n z e n e - c y c lo h e x a n e - d i=  
o x a n e .  1 2 2 5

N e ls o n .  R .  F .  E le c t r o c h e m i c a l  a n d  s p e c t r o =  
s c o p ic  s t u d ie s  o f  c a t i o n  r a d i c a l s .  I I .  
A n i l i n i u m - t y p e  r a d i c a l  io n  a n d  b e n z id in e  
d i c a t i o n  v i s i b l e  s p e c t r a .  2 4 9 0  

N e ls o n ,  T .  P .  I n t e r n a l  p r e s s u r e s  o f  l i q u i d s  
a n d  t h e i r  r e l a t i o n  t o  th e  e n t h a lp ie s  a n d  
e n t r o p ie s  o f  m i x i n g  in  n o n e le c t r o ly t e  
s o lu t io n s .  2 7 9 4

N e m e t h y ,  G . S o lv e n t  e f f e c t s  o n  th e  n e a r - u l =  
t r a v i o l e t  s p e c t r u m  o f  p h e n o l  a n d  i t s  
d i s t r i b u t i o n  i n  m i c e l l a r  s o lu t io n s .  64  

N e m z e k ,  T .  L .  D e c o n v o lu t i o n  o f  f l u o r e s =  
c e n c e  a n d  p h o s p h o r e s c e n c e  d e c a y  c u r v e s .  
L e a s t - s q u a r e s  m e t h o d .  2 0 3 8  

N e o g i .  A .  N .  A q u a p h o t o c h r c m is m .  2 1 6 0  
N e s t o r .  C . W . J r .  P r e d i c t e d  p r o p e r t i e s  o f  

t h e  s u p e r h e a v y  e le m e n t s  I I .  E le m e n t
111. e k a - g o l d .  1 8 0 6

N e t a ,  P . E le c t r o n  s p in  r e s o n a n c e  s t u d y  o f  
r a d i c a l  a n io n s  f r o m  a r o m a t i c  c a r b o x y l i c  
a c id s .  6 2 0

N e ta ,  P .  R a d i a t i o n  c h e m i c a l  s t u d ie s  o f  th e  
o x i d a t io n  a n d  r e d u c t io n  o f  n i t r o f u r a n s .  
O x id a t i v e  d e n i t r a t i o n  b y  h y d r o x y l  r a d i  =  
c a ls .  1 1 8 7

N e t a ,  P . S u b s t i t u e n t  e f f e c t s  o n  e le c t r o n  
s p in  r e s o n a n c e  p a r a m e t e r s  o f  b e n z y l  
r a d i c a l s .  1 3 6 8

N e ta ,  P . E le c t r o n  s p in  r e s o n a n c e  s t u d y  o f  
t h e  r e a c t i o n  o f  h y d r o x y l  r a d i c a l s  w i t h  
p y r r o l e ,  im id a z o le ,  a n d  r e la t e d  c o m  =  
p o u n d s .  1 6 2 9

N e ta .  P . H y d r o x y l  r a d i c a l  r e a c t i o n  w i t h  
p h o s p h a te  e s t e r s  a n d  th e  m e c h a n i s m  o f  
p h o s p h a te  c le a v a g e .  2 4 2 5  

N e t a ,  P . R e a c t io n s  o f  h y d r o x y l  r a d i c a l s  
w i t h  u n s a t u r a t e d  a l i p h a t i c  a lc o h o ls  in  
a q u e o u s  s o lu t i o n .  S p e c t r o s c o p ic  a n d  
e le c t r o n  s p in  r e s o n a n c e  r a d i o l y s i s  s t u d y .  
2 6 6 2

N e u m a n ,  R .  C .  J r .  P r e s s u r e  d e p e n d e n c e  o f  
w e a k  a c id  i o n i z a t i o n  in  a q u e o u s  b u f f e r s .  
2 6 8 7

N ic h o l ,  J .  C . B e h a v i o r  o f  d i f f u s e  e l e c t r o l y t e  
b o u n d a r i e s  i n  a n  e x t e r n a l  e l e c t r i c  f i e l d .  
2989

N ic h o l ,  L .  W . T h e o r e t i c a l  g e l  c h r o m a t o =
g r a p h i c  b e h a v i o r  o f  i r r e v e r s i b l y  i s o m e r i z =  
i n g  s y s t e m s  s u b j e c t  t o  k i n e t i c  c o n t r o l .
3 5 2

N ic h o l ,  L .  W . S e d im e n t a t i o n  e q u i l i b r i u m  
s t u d ie s  o n  i n d e f i n i t e l y  s e l f - a s s o c i a t i n g  
s y s t e m s .  N - M e t h y l a c e t a m i d e  in  c a r b o n  
t e t r a c h l o r i d e .  2 9 0 7

N ic h o l ,  L .  W . I n t e r p r e t a t i o n  o f  m i g r a t i o n  
p a t t e r n s  f o r  i n t e r a c t i n g  m i x t u r e s  o f  
r e a c t a n t s  t h a t  t r a v e l  in  o p p o s i t e  d i r e c  =  
t io n s .  2 9 1 2

N ic h o la s ,  J .  B .  E f f e c t  o f  c o m p le x  f o r m a t i o n  
o n  t h e  r e a c t i o n s  o f  p o s i t r o n i u m  a to m s  
w i t h  i n o r g a n i c  io n s .  1 7 8  

N ie d z ie l s k i ,  J .  S e c o n d a r y  e f f e c t s  d u e  t o  th e  
p r e s e n c e  o f  s u l f u r  h e x a f l u o r i d e  in  h y d r o =  
c a r b o n  r a d i o l y s i s .  2 8 5 3  

N ie ls e n ,  N .  L a s i n g  a c t i o n  a n d  th e  r e l a t i v e  
p o p u la t i o n s  o f  v i b r a t i o n a l l y  e x c i t e d  
c a r b o n  m o n o x id e  p r o d u c e d  in  p u l s e - d i s c =  
h a r g e d  c a r b o n  d i s u l f i d e - o x y g e n - h e l i u m  
m i x t u r e s .  2 4 5 5

N i k i ,  H .  R e a c t i o n  o f  d i n i t r o g e n  p e n t o x id e  
w i t h  w a t e r .  1 9 2 9

N i k i ,  H .  R e a c t i o n  o f  n i t r o g e n  d io x id e  w i t h  
o z o n e .  2 5 0 7

N i k i ,  H .  K in e t i c s  o f  g a s - p h a s e  r e a c t i o n s  o f  
o z o n e  w i t h  s o m e  o le f i n s .  2 5 1 1  

N i k i ,  H .  K in e t i c s  a n d  m e c h a n i s m  f o r  th e  
p h o t o l y s is  o f  n i t r o g e n  d io x id e  in  a i r .
2 6 0 4

N i k o l i c ,  D .  E le c t r o n  r e a c t i o n s  in  a q u e o u s  
c o n c e n t r a t e d  a c id  s o lu t io n s .  2 5 2 7  

N n a d i ,  J .  C . C -  —  j r *  T r a n s i t i o n .  I I I .  E x p e r =  
i m e n t a l  a n d  t h e o r e t i c a l  v e r i f i c a t i o n  o f  
t h e  a s s ig n m e n t .  4 8 2  

N o r t h ,  N .  A .  P r e s s u r e  d e p e n d e n c e  o f
e q u i l i b r i u m  c o n s t a n t s  i n  a q u e o u s  s o lu  =  
t io n s .  9 3 1

N o r t h r o p ,  J .  K .  I o n - m o l e c u l e  r e a c t i o n s  in  
m o n o g e r m a n e .  3 0

N o v e s k e ,  T .  U l t r a s o n i c  a b s o r p t i o n  a n d
r o t a t i o n a l  p h e n o m e n a  i n  t e t r a a l k y l a m m o =  
n iu m  io n s .  S e a r c h  f o r  a p p r o p r i a t e  
m o d e ls .  9 1 2

N o v r o s ,  J .  I n t e r s y s t e m  c r o s s in g  p a t h s  in  
e x c i t e d  c h a r g e - t r a n s f e r  s y s te m s .  2 8 3 1  

N o y e s ,  W .  A .  J r .  P h o t o c h e m i s t r y  o f  p h e n y l=  
c y c lo b u t a n e .  I I .  2 6 0 9  

N u g e n t ,  L .  J .  E l e c t r o n - t r a n s f e r  a n d  f - d  
a b s o r p t i o n  b a n d s  o f  s o m e  l a n t h a n id e  
a n d  a c t i n i d e  c o m p le x e s  a n d  th e  s t a n d a r d  
< I I —I I I » o x id a t io n  p o t e n t ia l  f o r  e a c h  
m e m b e r  o f  th e  l a n t h a n id e  a n d  a c t i n i d e  
s e r ie s .  1 5 2 8

O d o m ,  J .  D .  S p e c t r a  a n d  s t r u c t u r e  o f  
p h o s p h o r u s - b o r o n  c o m p o u n d s .  I I I .  
V i b r a t i o n a l  s t u d ie s  o f  t r i m e t h y l p h o s =  
p h in e - b o r a n e  a n d  t r i m e t h y l p h o s p h i n e —  
b o r a n e - d 3. 1 9 7 2

O g d e n ,  J .  S . M a t r i x  i s o la t i o n  i n f r a r e d
s t u d y  o f  th e  r e a c t i o n  b e t w e e n  t i n  v a p o r  
a n d  m o l e c u l a r  o x y g e n .  C h a r a c t e r i z a t i o n  
o f  m o l e c u l a r  t i n  d i o x id e .  1 5 1 3  

O g d e n ,  J .  S . M a t r i x  i s o la t i o n  s t u d ie s  o n  
th e  g a l l i u m - i n d i u m - o x y g e n  s y s te m .  
I n f r a r e d  s p e c t r a  a n d  s t r u c t u r e s  o f  m o le  =  
c u l a r  g a l l i u m ( I )  o x id e ,  i n d i u m ( I )  o x id e  
a n d  i n d i u m  g a l l i u m  s u b o x id e  ( I n O G a ) .  
2 5 3 7

O g u r a ,  H .  P o s i t i v e  h o le  m i g r a t i o n  in
p u l s e - i r r a d i a t e d  w a t e r  a n d  h e a v y  w a t e r .  
2 9 5 2

O  H a l lo r a n ,  R .  J .  V a l i d i t y  o f  th e  I l k o v i c
a n d  o t h e r  s t a n d a r d  d i r e c t  a n d  a l t e r n a t i n g  
c u r r e n t  p o la r o g r a p h i c  e q u a t io n s  a t  s h o r t  
d r o p  t i m e .  9 1 5

O ik a w a ,  M .  E f f e c t i v e  f i x e d  c h a r g e  d e n s i t y  
g o v e r n i n g  m e m b r a n e  p h e n o m e n a .  V . 
R e d u c e d  e x p r e s s io n  o f  p e r m s e l e c t i v i t y .
9 2

O k a j i m a ,  Y .  M e c h a n i s m  o f  th e  r e a c t i o n  o f  
h y d r o g e n  w i t h  u r a n i u m .  2 2 3 6  

O k a m o t o ,  Y .  P h o t o c o n d u c t i v e  p r o p e r t i e s  o f  
a r y l e t h y n y l c o p p e r  p o l y m e r s .  E f f e c t s  o f  
s t r u c t u r e  a n d  o x y g e n .  2 6 7 7  

O k a m u r a ,  S . M e t h y l  m e t h a c r y l a t e  in  
y - i r r a d i a t e d  o r g a n i c  g la s s e s  a t  7 7 ° K .
1 1 6 3

O k i ,  S . I d e n t i f i c a t i o n  o f  r a t e - c o n t r o l l i n g  
s t e p s  f o r  t h e  w a t e r - g a s  s h i f t  r e a c t i o n  
o v e r  a n  i r o n  o x id e  c a t a l y s t .  4 4 7  

O k i ,  S . M e c h a n i s t i c  s t r u c t u r e  o f  t h e  w a t e r —  
g a s  s h i f t  r e a c t i o n  in  th e  v i c i n i t y  o f  
c h e m i c a l  e q u i l i b r i u m .  1 6 0 1  

O la f s o n ,  B .  D .  R o le  o f  s i n g le t  a n d  t r i p l e t  
s t a t e s  in  a r o m a t i c  s u b s t i t u t io n  r e a c t io n s .  
I I .  F l u o r e s c e n c e  q u e n c h in g  o f  a n is o le  
a n d  p - h y d r o q u in o n e  b y  a c id s .  1 3 4 5  

O l i v a ,  C . U l t r a v i o l e t  a n d  e l e c t r o n  s p in  
r e s o n a n c e  s p e c t r a  o f  n i t r o p y r i d i n e s  a n d  
n i t r o p y r i d i n e  N - o x id e s .  2 7 4 4  

O l i v e r ,  B .  G . R a m a n  s p e c t r o s c o p ic  e v id e n c e  
f o r  c o n t a c t  io n  p a i r i n g  i n  a q u e o u s  m a g n e  =  
s iu m  s u l f a t e  s o lu t io n s .  1 3 1 5  

O ls z y n a ,  K .  K in e t i c s  o f  p a r t i c l e  g r o w t h .  I .  
A m m o n i u m  n i t r a t e  f r o m  th e  a m m o n i a —  
o z o n e  r e a c t i o n .  4 3 8

O n o ,  H .  L u m in e s c e n c e  in d u c e d  b y  c r y s t a l l i  =  
z a t io n  o f  o r g a n i c  b i n a r y  m i x t u r e s .  2 1 6 5  

O r b a c h ,  N .  I n t e r s y s t e m  c r o s s in g  p a t h s  in  
e x c i t e d  c h a r g e - t r a n s f e r  s y s t e m s .  2 8 3 1  

O r b a n ,  M .  P e r i o d i c i t y  in  t h e  r a t e  o f  h e a t  
e v o lu t io n  d u r i n g  t h e  t e m p o r a l  o s c i l l a t i o n

in  th e  2 , 4 - p e n t a n e d i o n e - b r o m a t e - c a t a ly s t  
s y s t e m .  3 1 2 2

O r l a n d i ,  G . E le c t r o n  s p i r .  r e s o n a n c e  s t u d y  
o f  t h e  r a d i c a l s  p r o d u c e d  b y  th e  - y - i r r a d ia =  
t i o n  o f  x a n th e n e .  1102 

O r l o f f ,  M .  K .  U l t r a v i o l e t  a b s o r p t i o n  s p e c t =  
r u m  o f  p e n t a e r y t h r i t o l  t e t r a n i t r a t e .  9 1 0  

O s h im a ,  K .  C o n f i g u r a t i o n  c o o r d in a t e  
m o d e l  f o r  t h e  h y d r a t e d  e le c t r o n .  2 6 3  

O s h im a ,  K .  C o n f i g u r a t i o n  c o o r d in a t e  
m o d e l  f o r  t h e  h y d r a t e d  e le c t r o n .  I I .  
J a h n - T e l l e r  s p l i t t i n g  o f  th e  e x c i t e d  
s t a t e .  2 2 8 6

O s t e r ,  G . K .  P h o t o c h e m ic a l  a n d  f l u o r e s =  
c e n c e  p r o p e r t i e s  o f  a n t h r a c e n e  r a d i c a l  
c a t i o n .  2 1 5 9

O 'S u l l i v a n ,  M .  F lu o r e s c e n c e  o f  c y c l o a l k a =  
n o n e s .  1 8 3 0

O t a k e ,  M .  E le c t r o n  s p in  r e s o n a n c e  s t u d ie s  
o f  th e  r e d u c e d  m o l y b c o v a n a d o p h o s p h o r ic  
h e t e r o p o l y  a c id s .  I .  2 8 9 6  

O t a k i ,  T .  E le c t r o n  s p in  r e s o n a n c e  s t u d ie s  
o f  th e  r e d u c e d  m o iy b d o v a n a d o p h o s p h o r i c  
h e t e r o p o l y  a c id s .  Î .  2 8 9 6  

O t t o le n g h i ,  M .  I n t e r s y s t e m  c r o s s in g  p a t h s  
i n  e x c i t e d  c h a r g e - t r a n s f e r  s y s te m s .  2 8 3 1  

O t t o le n g h i ,  M .  P h o t o d i s s o c ia t i o n  o f  io d o a =  
r o m a t i c s  i n  s o lu t io n .  3 0 4 4  

O t t o le n g h i ,  M .  S p u r  r e c o m b i n a t i o n  a n d  
d i f f u s i o n  p r o c e s s e s  in  p u ls e  i r r a d i a t e d  
i n o r g a n i c  g la s s e s .  2 8 5 7  

O w e n ,  D .  H y d r o t h e r m a l  h y d r o l y s i s  o f  
a l u m i n u m  ( 3 + )  a n d  th e  p r e c i p i t a t i o n  o f  
b o e h m i t e  f r o m  a q u e o u s  s o lu t i o n .  2 4 7 4  

P a c k t e r ,  A .  K in e t i c s  a n d  m e c h a n i s m  o f  t h e  
h e t e r o g e n e o u s  r e a c t i o n s  o f  c r y s t a l l i z e d  
G ib b s i t e  p o w d e r s  w i t h  a q u e o u s  s o d iu m  
h y d r o x id e  s o lu t io n s .  2 9 4 2  

P a n c i r ,  J .  T h e o r e t i c a l  s t u d y  o f  s i n g l e t - t r i =  
p le t  a n d  t r i p l e t - t r i p l e t  s p e c t r a .  I .
S e le c t io n  o f  p a r a m e t e r s  a n d  th e  b a s is  o f  
c o n f i g u r a t i o n  i n t e r a c t i o n  in  c lo s e d  s h e l l  
a n d  r e s t r i c t e d  o p e n  s h e l l  s e m i e m p i r i c a l  
m e th o d s .  1 0 7

P a n c i r ,  J .  T h e o r e t i c a l  s t u d y  o f  s i n g l e t - t r i =  
p le t  a n d  t r i p l e t - t r i p l e ;  s p e c t r a .  I I .  
C o n ju g a t e d  h y d r o c a r b o n s .  1 14  

P a n c i r ,  J .  T h e o r e t i c a l  s t u d y  o f  t r a n s i t i o n s  
f r o m  th e  f i r s t  t o  h i g h e r  e x c i t e d  s i n g le t  
s t a t e s .  121

P a n i c c i a ,  F .  R e d o x  m e c h a n is m s  i n  a n  i o n ic  
m a t r i x .  I I I .  K in e t i c s  o f  th e  r e a c t i o n  
n i t r i t e  io n  +  m o l e c u l a r  o x y g e n  =  n i t r a t e  
io n  in  m o l t e n  a l k a l i  n i t r a t e s .  1 8 1 0  

P a p a t h e o d o r o u ,  G .  N .  S p e c t r o p h o t o m e t r i c  
s t u d y  o f  th e  p a l l a d iu m  < I I )  c h l o r i d e - a l u =  
m i n u m  c h lo r i d e  v a p o r  c o m p le x .  4 7 2  

P a r i s ,  A .  I n t e r a c t i o n  o f  i  p o l y p e p t i d i c
n e m a t ic  m e s o  p h a s e  w i t h  a c id ic  m o le c  =  
u le s .  2 9 2 5

P a r k e r ,  R .  J .  S p e c t r o s c o p ic  s t u d ie s  o f  i o n i c  
s o l v a t i o n  in  p r o p y le n e  c a r b o n a t e .  2 4 0 7  

P a r r y ,  E .  P .  E f f e c t  o f  w a t e r  o n  th e  t i t a n i u m  
c o m p le x e s  in  m e t h a n D l ic  s o lu t i o n s  
c o n t a i n i n g  h y d r o g e n  c h l o r i d e .  6 7 8  

P a t e l ,  R .  C . K in e t i c s  o f  b i n d i n g  o f  p y r o =  
p h o s p h a te  t o  m a g n e s iu m  io n s .  2 3 1 8  

P a t t e r s o n ,  D .  S u r f a c e  t h e r m o d y n a m ic s  o f  
p o l y m e r  s o lu t io n s .  3 5 6  

P a t t e r s o n ,  D .  H e a t s  o f  m i x i n g  o f  g l o b u l a r  
m o le c u le s  d i f f e r i n g  i r  s iz e .  1 6 7 9  

P a t t e r s o n .  J .  I .  H .  S p e c t r o p h o t o m e t r i c  a n d  
e le c t r o c h e m i c a l  s t u d ie s  o f  f l a s h - p h o t o =  
ly z e d  t r i o x a l a t o f e r r a t e ( I I I ) .  2 4 3 7  

P a t t e r s o n ,  L .  K .  C o m p a r i s o n  o f  m i c e l l a r  
e f f e c t s  o n  s i n g le t  e x c i t e d  s t a t e s  o f  a n t h =  
r a c e n e  a n d  p e r y le n e .  1 1 9 1  

P a t t e r s o n ,  T .  B .  J r .  I N D O  [ i n t e r m e d i a t e  
n e g le c t  o f  d i f f e r e n t i a l  o v e r l a p ]  t h e o r e t i c a l  
s t u d ie s .  G e o m e t r y  o f  1 - s u b s t i t u t e d  v i n y l  
r a d i c a l s  a n d  1 - f l u o r o v i n y l  c a t i o n s .  4 9 4  

P a t t o n ,  E .  V .  N e w  a r o m a t i c  a n io n s .  I X .  
A n io n  r a d i c a l s  o f  t h e  m o n o c y c l i c  o x o c a r =  
b o n s .  2 6 5 2

P e le d ,  E .  S c a v e n g in g  o f  e a q "  a n d  o n  th e  
p o s s ib le  b r e a k d o w n  o f  S m o lu c h o w s k i  s 
e q u a t io n  a t  h i g h  c o n c e n t r a t io n s  o f  
s o lu t e s .  8 9 3

P e le g ,  M .  R a m a n  s p e c t r o s c o p ic  i n v e s t i g a t i o n  
o f  m o l t e n  m a g n e s iu m  n i t r a t e - s o d i u m  
n i t r a t e  a n d  m a g n e s iu m  n i t r a t e - p o t a s s i u m  
n i t r a t e  m i x t u r e s .  22£2

P e n g ,  Y .  K .  I s o t o p e  e f f e c t  in  th e  d e c o m p o s i  =  
t i o n  o f  a m m o n ia  o n  t u n g s t e n  s u r f a c e s .
1 3 5

P e n n o c k ,  B .  E .  D i e l e c t r i c  c h a r a c t e r i z a t i o n  
o f  l e c i t h i n s  i n  m e d ia  o f  d i f f e r i n g  d i e l e c t r i c  
c o n s t a n t s .  2 3 8 3

P e p e ,  F .  C h a r a c t e r i z a t i o n  o f  p o l y c r y s t a l l i n e  
s o l id  s o lu t io n s  o f  c u p r i c  o x id e - m a g n e s iu m  
o x id e  b y  e le c t r o n  s p in  r e s o n a n c e  m e t h =  
o d s .  12*40
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P e r o n e ,  S . P .  S p e c t r o p h o t o m e t r i e  a n d  
e le c t r o c h e m i c a l  s t u d ie s  o f  f l a s h - p h o t o -  
l y z e d  t r i o x a l a t o f e r r a t e  ( I I I ) . 2 4 3 7  

P e t e r s ,  A .  W . C 7r-*-7 r* T r a n s i t i o n .  I I I .
E x p e r i m e n t a l  a n d  t h e o r e t i c a l  v e r i f i c a t i o n  
o f  t h e  a s s ig n m e n t .  4 8 2  

P e t k o v i c ,  D j .  M .  D ip o le  m o m e n t s  o f  s o m e  
n e u t r a l  o r g a n i c  p h o s p h a te s .  9 2 2  

P e t r a k i s ,  L .  S u r f a c e  a c i d i t y  o f  t r a n s i t i o n  
m e t a l  m o d i f i e d  a l u m i n a s .  I n f r a r e d  a n d  
n u c le a r  m a g n e t i c  r e s o n a n c e  i n v e s t i g a t i o n  
o f  a d s o r b e d  p y r i d i n e .  1 2 3 2  

P e t r u c c i ,  S . P r e s s u r e - j u m p  r e l a x a t i o n
k i n e t i c s  o f  t h e  c o m p l e x a t io n  o f  n i c k e l  ( I I )  
t h i o c y a n a t e  i n  m e t h a n o l .  1 3 0  

P h i l i p ,  P .  R .  N e a r - i n f r a r e d  s t u d y  o f  t h e  
s t a t e  o f  w a t e r  i n  a q u e o u s  s o lu t i o n s  o f  
t e t r a a l k y l a m m o n i u m  a n d  - p h o s p h o n iu m  
b r o m i d e s  a n d  a l k a l i  h a l i d e s  a t  1 0 , 2 5 , 
a n d  4 0 ° . 3 0 7 1

P h i  N g a  N g o  F o r m a t i o n  c o n s t a n t s  f o r
a n i l i n e - t e t r a c y a n o e t h y l e n e  c h a r g e - t r a n s =  
f e r  c o m p le x e s .  2 5 4 5  

P i k a l ,  M .  J .  T r a c e r  d i f f u s i o n  o f  H T O  
[ h y d r a t e d  t i t a n i u m  o x id e ]  a n d  s im p le  
io n s  i n  a q u e o u s  s o lu t i o n s  o f  s o d iu m  
p - e t h y lb e n z e n e  s u l f o n a t e .  C o m p a r is o n s  
w i t h  p o l y e l e c t r o l y t e  s o lu t i o n s  a n d  g e ls .  
2 9 1 8

P im e n t e l ,  G . C . I n f r a r e d  s p e c t r u m  o f  th e  
w a t e r - h y d r o c h l o r i c  a c id  c o m p le x  i n  s o l id  
n i t r o g e n .  5 7

P im e n t e l ,  G .  C . I n f r a r e d  s p e c t r a  o f  t h e  
a m m o n i a - h y d r o c h lo r i c  a c id  c o m p l e x  i n  
s o l id  n i t r o g e n .  1 6 4 9  

P in d e r ,  D .  N .  A p p l i c a t i o n  o f  d e n s i t y  
m a t r i x  m e t h o d s  t o  t h e  s t u d y  o f  s p in  
e x c h a n g e .  C o m m e n t .  5 6 7  

P in n a v a ia ,  T .  J .  S t e r e o c h e m is t r y  o f  h y d r a t =  
e d  c o p p e r  ( I I )  i o n s  Dn t h e  i n t e r l a m e l l a r  
s u r f a c e s  o f  l a y e r  s i l i c a t e s .  E le c t r o n  s p in  
r e s o n a n c e  s t u d y .  1 9 6

P is a n i ,  C . C a l c u la t e d  p o t e n t i a l  e n e r g ie s  f c r  
t h e  a d s o r p t i o n  o f  r a r e  g a s e s  o n  g r a p h i t e .  
6 5 7

P i t t m a n ,  C . U .  J r .  I N D O  [ i n t e r m e d i a t e
n e g le c t  o f  d i f f e r e n t i a l  o v e r l a p ]  t h e o r e t i c a l  
s t u d ie s .  G e o m e t r y  o f  1 - s u b s t i t u t e d  v i n y l  
r a d i c a l s  a n d  1 - f l u o r o v i n y l  c a t i o n s .  4 9 4  

P i t z e r ,  K .  S . T h e r m o d y n a m i c s  o f  e l e c t r o ^  
l y t e s .  I .  T h e o r e t i c a l  b a s is  a n d  g e n e r a l  
e q u a t io n s .  2 6 8

P i t z e r ,  K .  S . T h e r m o d y n a m i c s  o f  e l e c t r o ^  
l y t e s .  I I .  A c t i v i t y  a n d  o s m o t i c  c o e f f i =  
c ie n t s  f o r  s t r o n g  e l e c t r o l y t e s  w i t h  o n e  c r  
b o t h  io n s  u n i v a l e n t  2 3 0 0  

P lo w m a n ,  K .  R .  L i q u i d  a m m o n i a  s o lu t io n s .  
X .  R a m a n  s t u d y  o f  i n t e r a c t i o n s  i n  th e  
l i q u i d  s t a t e .  2 1 8 5

P o c h a n ,  J .  M .  E f f e c t  o f  c h o l e s t e r y l  a l k a =  
n o a t e  s t r u c t u r e  o n  l i q u i d  c r y s t a l  t r a n s i t i o n  
t h e r m o d y n a m ic s .  P u r e  a n d  i n  b i n a r y  
m i x t u r e s .  8 3 7

P o g g i ,  G . E le c t r o n  s p in  r e s o n a n c e  s t u d y  o f  
t h e  r a d i c a l s  p r o d u c e d  b y  t h e  7- i r r a d i a t : o n  
o f  x a n t h e n e .  1 1 0 2

P o p e ,  M .  T .  H e t e r o c o n j u g a t i o n  o f  i n o r g a n i c  
a n io n s  i n  n o n a q u e o u s  s o lv e n t s .  I .  P e r =  
c h l o r a t e  a n d  h a l i d e  c o m p le x e s  o f  l , 2 - d i h =  
y d r o x y  b e n z e n e .  1 7 9 5

P o p o v ,  A .  I .  D i m e t h y l  s u l f o x id e  a s s o c ia t io n  
i n  d i m e t h y l  s u l f o x i d e - p y r i d i n e  m i x t u r e s .  
I n f r a r e d  a n d  l i g h t  s c a t t e r i n g  s p e c t r o s c c  =  
p y .  2 4 4 4

P o p o v ,  A .  I .  S p e c t r o s c o p ic  s t u d ie s  o f  i o n i c  
s o l v a t i o n .  X I V .  S o d iu m - 2 3  n u c le a r  
m a g n e t i c  r e s o n a n c e  a n d  e l e c t r i c a l  c o n =  
d u c t a n c e  s t u d y  o f  c o n t a c t  i o n  p a i r s  i n  
n o n a q u e o u s  s o lv e n t s .  2 4 4 9  

P o s n e r ,  A .  S . C o n v e r s io n  o f  a m o r p h o u s  
c a l c i u m  p h o s p h a te  t o  m i c r o c r y s t a l l i n e  
h y d r o x y a p a t i t e .  A  p H - d e p e n d e n t ,  
s o l u t i o n - m e d i a t e d ,  s o l i d - s o l i d  c o n v e r s io n  
2 3 1 3

P o u p k o ,  R .  E le c t r o n  t r a n s f e r  i n t e r a c t i o n s  
b e t w e e n  s u p e r o x id e  i o n  a n d  o r g a n i c  
c o m p o u n d s .  1 7 2 2

P o u p k o ,  R .  E le c t r o n  s p in  r e s o n a n c e  s t u d y  
o f  m e t a l  i o n  p h o t o in d u c e d  r e a c t i o n s  o f  
g l y c i n e  a n d  a la n in e  p e p t id e s .  1 9 4 4  

P o u t s m a ,  M .  L .  C o m p a r i s o n  o f  t h e r m a l  
c r a c k i n g  o f  t h e  i s o m e r i c  h e x a n e s  w i t h  
t h a t  c a t a l y z e d  b y  p o t a s s iu m  io n  e x =  
c h a n g e d  Y  z e o l i t e .  1 5 8  

P o v ic h ,  M .  J .  P h y s i c a l  p r o p e r t i e s  o f  t h i n  
s o a p  f i l m s  m e a s u r e d  b y  e l e c t r o n  s p in  
r e s o n a n c e  e x c h a n g e  b r o a d e n in g .  3 0 2 0  

P o w e l l ,  H .  T .  H e te r o g e n e o u s  lo s s  r e a c t i o n  
o f  c a r b o n  m o n o s u l f i d e .  2 6 0 1  

P r e s t o n ,  K .  F .  E le c t r o n  s p in  r e s o n a n c e  
s p e c t r a  o f  s u l f a n y l  r a d i c a l s  i n  s o lu t io n .  
2 6 4 5

P r i c e ,  F .  P .  K in e t i c s  o f  s p h e r u l i t e  g r o w t h  
i n  c h o l e s t e r y l  e s te r s .  3 9 6  

P r i c e ,  F .  P .  T r a n s i t i o n s  i n  m e s o p h a s e  
f o r m i n g  s y s t e m s .  V .  K in e t i c s  o f  t r a n s =  
f o r m a t i o n  a n d  p r o p e r t i e s  o f  c h o le s t e r y l  
s t e a r a t e .  2 3 4 2

P r o b s t e in ,  R .  F .  S i m i l a r i t y  c o n s id e r a t i o n s  
i n  f a c i l i t a t e d  t r a n s p o r t .  2 2 0 1  

P r u i t t ,  G .  L .  S h a p e  o f  t h e  c o e x is t e n c e
c u r v e  o f  t e r n a r y  l i q u i d  m i x t u r e s  n e a r  th e  
p l a i t  p o in t .  1 5 7 2

P u c h e a u l t ,  J .  P u ls e  r a d i o l y s i s  s t u d y  o f  t h e  
d i r e c t  e f f e c t  o n  s u l f u r i c  a c id .  2 1 5 6  

P u h l ,  W . H .  F o r m a t i o n  c o n s t a n t s  a n d
e n t h a lp ie s  o f  s o m e  o r g a n o m e r c u r y - n i t r o =  
g e n  b a s e  a d d u c t s .  5 5 8  

P u r c e l l ,  J .  M .  R o t a t i o n a l  i s o m e r i s m  o f  th e  
p h e n y la la n in e  a n io n  i n  m i x e d  a q u e o u s  
s o lv e n t s  b y  n u c l e a r  m a g n e t i c  r e s o n a n c e .  
1 5 0 1

Q u a d r i f o g l i o ,  F .  C o m p a r a t i v e  s t u d y  o f  th e  
e n t h a l p y  o f  i o n i z a t i o n  o f  p o l y c a r b o x y l i c  
a c id s  i n  a q u e o u s  s o lu t i o n .  5 3 9  

Q u a n ,  S . W .  T h e r m o c h e m i s t r y  o f  th e  
D i e l s - A l d e r  r e a c t i o n .  I I I .  H e a t  o f  
a d d i t i o n  o f  c y c lo p e n t a d ie n e  t o  m a le i c  
a n h y d r i d e .  8 2 8

Q u is t ,  A .  S . R a m a n  s p e c t r a  o f  z i r c o n iu m ^
( I V )  f l u o r i d e  c o m p le x  io n s  i n  f l u o r i d e  
m e l t s  a n d  p o l y c r y s t a l l i n e  s o l id s .  1 3 8 4  

R a b a la i s ,  J .  W . E le c t r o n i c  i n t e r a c t i o n  
b e t w e e n  t h e  v i n y l  g r o u p  a n d  i t s  s u b s t i ^  
t u e n t s .  2 3 5 8

R a b a n i ,  J .  I o n i c  y i e l d s  i n  m e t h a n o l  m e a =  
s u r e d  b y  c o n d u c t o m e t r i c  p u ls e  r a d i o l y s i s  
5 9 7

R a b a n i ,  J .  R e a c t i o n  o f  h y d r o x y l  r a d i c a l s  
w i t h  p o l y e t h y le n e  o x id e  i n  a q u e o u s  
s o lu t i o n .  2 4 2 0

R a b a n i ,  J .  S p u r  r e c o m b i n a t i o n  a n d  d i f f u s i o n  
p r o c e s s e s  i n  p u ls e  i r r a d i a t e d  i n o r g a n i c  
g la s s e s .  2 8 5 7

R a b a n i ,  J .  P u ls e  r a d i o l y t i c  in v e s t i g a t i o n s  
o f  t h e  c a t a l y z e d  d i s p r o p o r t io n a t i o n  o f  
p e r o x y  r a d i c a l s .  A q u e o u s  c u p r i c  io n s .
1 1 6 9

R a h a m a n ,  M .  S . V a p o r - p h a s e  c h a r g e - t r a n s ^  
f e r  c o m p le x e s  I X .  C o n t a c t  c h a r g e - t r a n s =  
f e r  s p e c t r a  f o r  v o l a t i l e  a l i p h a t i c  h y d r o c a r =  
b o n - i o d in e  s y s t e m s .  2 7 5 6  

R a j i c ,  D .  R .  D ip o le  m o m e n t s  o f  s o m e  
n e u t r a l  o r g a n i c  p h o s p h a te s .  9 2 2  

R a m a m u r t h y ,  P .  I n f r a r e d  s t u d ie s  o f  t h e  
f o r m a t i o n  o f  h y d r o x y l  g r o u p s  d u r i n g  
h y d r o g e n - o x y g e n  r e a c t i o n s  o n  n o b le  
m e t a l  c a t a l y s t s .  3 0 5 2

R a m i r e z ,  J .  E .  R o t a t i o n a l  i s o m e r i s m  o f  th e  
p h e n y la la n in e  a n io n  i n  m i x e d  a q u e o u s  
s o lv e n t s  b y  n u c l e a r  m a g n e t i c  r e s o n a n c e .  
1 5 0 1

R a m o s  d e  C a r v a lh o ,  M .  d .  C .  E le c t r o n  
p a r a m a g n e t i c  r e s o n a n c e  s t u d y  o f  ?r 
s y s t e m  i n t e r a c t i o n  i n  d i t h i i n  d e r i v a t i v e s .  
1 7 1 6

R a o ,  C . N .  R .  C N D O  [ c o m p le t e  n e g le c t  o f  
d i f f e r e n t i a l  o v e r l a p ] / 2  s t u d ie s  o n  io n  
s o l v a t i o n .  2 8 8 8

R a o ,  M .  G .  B i n a r y  a n d  t e r n a r y  i o n - e x =  
c h a n g e  e q u i l i b r i u m s .  S o d iu m - c e s iu m —  
m a n g a n e s e - D o w e x  5 0 W - X 8  a n d  c e s iu m —  
m a n g a n e s e - s t r o n t i u m - D o w e x  5 0 W - X 8  
s y s t e m s .  1 2 8 8

R a o ,  P .  S . I o n i z a t i o n  c o n s t a n t s  a n d  s p e c t r a l  
c h a r a c t e r i s t i c s  o f  s o m e  s e m iq u in o n e  
r a d i c a l s  i n  a q u e o u s  s o lu t i o n .  2 2 7 4  

R a o ,  P .  S . R e d u c t i o n  o f  d y e s  b y  f r e e  r a d i =  
c a ls  i n  s o lu t i o n .  C o r r e l a t i o n  b e t w e e n  
r e a c t i o n  r a t e  c o n s t a n t s  a n d  r e d o x  p o t e n t  
t i a l s .  2 7 5 3

R a p p ,  C . F .  F lu o r e s c e n c e  l i f e t i m e s  o f
n e o d y m iu m - d o p e d  g la s s e s  a n d  g l a s s - c e r =  
a m ic s .  1 0 1 6

R a t n a s a m y ,  P .  S t r u c t u r a l  a n d  t e x t u r a l  
s t u d ie s  i n  m o ly b d e n u m  s u l f i d e  s y s te m s .  
2 2 4 2

R a u b a c h ,  R .  A .  P h o t o i s o m e r i z a t io n  p a t h =  
w a y s  i n  t h e  v i s u a l l y  i m p o r t a n t  p o ly e n e s .
I .  R e t i n a l s .  8 8 9

R a y ,  A .  S o lv e n t  e f f e c t s  o n  t h e  n e a r - u l t r a =  
v i o l e t  s p e c t r u m  o f  p h e n o l  a n d  i t s  d i s t r i =  
b u t i o n  i n  m i c e l l a r  s o lu t io n s .  6 4  

R a z ie l ,  S . R e l a x a t i o n  o f  h e x a a q u o c h r o m i=  
u m ( 3 + )  a n d  h e x a a q u o m a n g a n e s e ( 2 + ) 
io n s  i n  p o l y a c r y l o n i t r i l e  i n  t h e  g la s s y  
a n d  r u b b e r - l i k e  s t a t e s  s t u d ie d  b y  e le c t r o n  
s p in  r e s o n a n c e .  1 3 7 8  

R e d d y ,  M .  M .  P r e d i c t i o n  o f  io n - e x c h a n g e  
s e l e c t i v i t y .  2 1 2 8

R e e v e s ,  L .  W .  D e t e r m in a t i o n  o f  t h e  r o t a =  
t i o n a l  b a r r i e r  a b o u t  th e  n i t r o g e n - c a r b o n  
b o n d  i n  t w o  c h a lc o g e n  r e p la c e d  N , N - d i -  
m e t h y l a m id e s .  4 1 9

R e e v e s ,  L .  W . D e t e r m in a t i o n  o f  r o t a t i o n a l  
b a r r i e r s  in  f o u r  t h i o a m id e s .  1 2 2 8  

R e ic h ,  S . R e l a x a t io n  o f  h e x a a q u o c h r o m i u m ^  
( 3 + )  a n d  h e x a a q u o m a n g a n e s e ( 2 + )  io n s  
i n  p o l y a c r y l o n i t r i l e  i n  t h e  g la s s y  a n d  
r u b b e r - l i k e  s t a t e s  s t u d ie d  b y  e le c t r o n  
s p in  r e s o n a n c e .  1 3 7 8

R e id ,  G . P .  R e l a t i v e  r a t e s  o f  f l u o r i n a t i o n  o f  
f l u o r i n a t e d  e t h y le n e s .  1 1 9 3  

R e id le r ,  J .  D e u t e r i u m  is o to p e  e f f e c t s  i n  
c o m p le x a t io n  k i n e t i c s .  I I .  L a n t h a n id e =  
( I I I )  s u l f a t e  s y s t e m s .  1 2 7 5  

R e in f e ld s ,  G . I s o t h e r m a l  d i f f u s i o n  s t u d ie s  
o f  w a t e r - p o t a s s i u m  c h l o r i d e - h y d r o g e n  
c h l o r i d e  a n d  w a t e r - s o d i u m  c h l o r i d e - h y =  
d r o g e n  c h lo r i d e  s y s t e m s  a t  2 5 ° .  9 3 4  

R e i s n e r ,  M .  G . R a d i c a l s  b o n d e d  t o  p o r o u s  
V y c o r  g la s s .  1 0 2 3

R e t c o f s k y ,  H .  L .  C a r b o n - 1 3  m a g n e t i c  
r e s o n a n c e  i n  d ia m o n d s ,  c o a ls ,  a n d  
g r a p h i t e .  6 8

R e v z in ,  A .  D i f f u s io n  c o e f f i c i e n t s  o f  t e t r a b u =  
t y l a m m o n iu m  h a l id e s  i n  w a t e r  a t  2 5 ° .
2 5 6 7

R ic c a ,  F .  C a l c u la t e d  p o t e n t ia l  e n e r g ie s  f o r  
t h e  a d s o r p t i o n  o f  r a r e  g a s e s  o n  g r a p h i t e .  
6 5 7

R ic e ,  W .  R .  C h e m ic a l  e x c h a n g e  s p in  d e c o u =  
p l i n g  i n  th e  n u c le a r  m a g n e t i c  r e s o n a n c e  
s p e c t r a  o f  h e x a m e t h y lp h o s p h o r a m id e —  
m e t a l  h a l i c e  s o lu t io n s .  1 8 9  

R i c h a r d s o n ,  F .  S . O p t i c a l  a c t i v i t y  o f
s i m p l e  c y c l i c  a m id e s .  I N D O  [ i n t e r m e d i a  
a t e  n e g le c t  o f  d i f f e r e n t i a l  o v e r l a p ]  m o l e ^  
c u l a r  o r b i t a l  m o d e l .  2 4 8  

R i c h a r d s o n ,  R .  J .  H e te r o g e n e o u s  lo s s  
r e a c t i o n  o f  c a r b o n  m o n o s u l f i d e .  2 6 0 1  

R i c h e r z h a g e n ,  T .  P h o t o c h e m ic a l  f o r m a t i o n  
o f  f r e e  r a d i c a l s  f r o m  c h l o r o o le f i n s  a s  
s t u d ie d  b y  e le c t r o n  s p in  r e s o n a n c e .  1 8 1 9  

R i g h e t t i ,  E .  C o n d u c t o m e t r i c  b e h a v io r  o f  
e l e c t r o l y t e s  i n  h e x a m e t h y l p h o s p h o t r i a m ^  
id e  a t  2 5 ° . 1 2 5 8

R ip ,  A .  A s s o c ia t i o n  o f  1 - h e p t a n o l  i n  c a r b o n  
t e t r a c h l o r i d e  f r o m  s t a t i c  d i e l e c t r i c  
m e a s u r e m e n t s .  5 4 8

R o b e r t s ,  J .  H .  L i q u i d  a m m o n i a  s o lu t io n s .
X .  R a m a n  s t u d y  o f  i n t e r a c t i o n s  i n  th e  
l i q u i d  s t a t e .  2 1 8 5

R o b e r t s ,  R .  E .  V a r i a t i o n a l  s o l u t i o n  o f  th e  
P o i s s o n - B o l t z m a n n  E q u a t i o n  f o r  a  
s p h e r i c a l  c o l l o i d a l  p a r t i c l e .  2 3 6 7  

R o b e r t s o n ,  K .  S . E f f e c t s  o f  t h e  i n t r a m o l e c u ^  
l a r  h y d r o g e n  b o n d  o n  i n t e r m o l e c u l a r  
h y d r o g e n  b o n d in g  i n  h y d r o x y b e n z e n e —  
e t h e r  s y s t e m s .  3 1 0 3  

R o b in s o n ,  D .  J .  K in e t i c s  o f  t w e l v e - s t e p  
c o m p e t i t i v e - c o n s e c u t i v e  s e c o n d - o r d e r  
r e a c t i o n s .  A lk a l i n e  h y d r o l y s i s  o f  t r i e t h y l  
c i t r a t e .  1 5 5 2

R o d r i q u e ,  L .  S t r u c t u r a l  a n d  t e x t u r a l
s t u d ie s  i n  m o ly b d e n u m  s u l f i d e  s y s te m s .  
2 2 4 2

R o e t t i ,  C . C a l c u la t e d  p o t e n t ia l  e n e r g ie s  f o r  
t h e  a d s o r p t i o n  o f  r a r e  g a s e s  o n  g r a p h i t e .  
6 5 7

R o g e r s ,  F .  E .  T h e r m o c h e m i s t r y  o f  th e  
D i e l s - A l d e r  r e a c t i o n .  I I I .  H e a t  o f  
a d d i t i o n  o f  c y c lo p e n t a d ie n e  t o  m a l e i c  
a n h y d r i d e .  8 2 8

R o h d e w a ld ,  P .  D i e l e c t r i c  c o n s t a n t s  o f  
a m i d e - w a t e r  s y s t e m s .  3 7 3  

R o n ,  T .  M i c r o w a v e  a b s o r p t i o n  a n d  p o t e n t ia l  
b a r r i e r  f o r  o r i e n t a t i o n .  M e t h y l  c h lo r i d e  
a d s o r b e d  o n  s o d iu m  c h l o r i d e  a n d  p o t a s s i ^  
u m  c h l o r i d e .  1 3 8 9

R o p p ,  R .  C .  C o m p a r is o n  o f  c a l c u l a t e d  a n d  
e x p e r i m e n t a l  e n e r g y  l e v e ls  o f  t h e  r a r e  
e a r t h s .  3 3 9

R o s e ,  T .  A b s t r a c t i o n  o r  s t r i p p i n g  o f  m e t h y l =  
e n e  a s  a  r o u t e  t o  a c e t y le n e  f o r m a t i o n  in  
h o t  c a r b o n  a t o m  r e a c t i o n s .  2 5 9 8  

R o s e n t h a l ,  I .  E le c t r o n  t r a n s f e r  i n t e r a c t i o n s  
b e t w e e n  s u p e r o x id e  io n  a n d  o r g a n i c  
c o m p o u n d s .  1 7 2 2

R o s e n t h a l ,  I .  E le c t r o n  s p in  r e s o n a n c e
s t u d y  o f  m e t a l  i o n  p h o t o in d u c e d  r e a c t i o n s  
o f  g l y c i n e  a n d  a la n in e  p e p t id e s .  1 9 4 4  

R o s n e r ,  D .  E .  H i g h - t e m p e r a t u r e  k i n e t i c s  
o f  p y r o l y t i c  g r a p h i t e  g a s i f i c a t i o n  b y  
f l u o r i n e  a t o m s  a n d  m o le c u le s .  6 9 0  

R o s s ,  R .  A .  S u r f a c e  s t u d ie s  o f  t h e  a d s o r p t i o n  
o f  s u l f u r - c o n t a i n i n g  g a s e s  a t  4 2 3 ° K  o n  
p o r u s  a d s o r b e n t s .  I .  A d s o r p t i o n  o f  
h y d r o g e n  s u l f i d e ,  m e t h a n e t h i o l ,  e t h a n e t h =  
i o l ,  a n d  d i m e t h y l  s u l f i d e  o n  s i l i c a  g e ls .  
2 5 7 1

R o s s ,  R .  A .  S u r f a c e  s t u d ie s  o f  t h e  a d s o r p t i o n  
o f  s u l f u r - c o n t a i n i n g  g a s e s  a t  4 2 3 ° K  o n  
p o r u s  a d s o r b e n t s .  I I .  A d s o r p t i o n  o f  
h y d r o g e n  s u l f i d e ,  m e t h a n e t h i o l ,  e t h a n e t h =  
i o l ,  a n d  d i m e t h y l  s u l f i d e  o n  y - a l u m i n a .  
2 5 7 6
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R o w la n d ,  F .  S . H y d r o g e n  a t o m  a b s t r a c t i o n  
b y  f l u o r i n e  a t o m s .  3 0 1  

R o w la n d ,  F .  S . R e l a t i v e  b o n d  d i s s o c ia t i o n  
e n e r g ie s  o f  s i l i c o n - h y d r o g e n  b o n d s  i n  
m e t h y l s i l a n e s  a s  e s t im a t e d  f r o m  r e c o i l  
t r i t i u m  a b s t r a c t i o n  y i e l d s .  7 0 5  

R o w la n d ,  F .  S . R e c o i l  t r i t i u m  r e a c t i o n s  
w i t h  c y c lo b u t a n o n e .  T e s t  f o r  e l e c t r o n i =  
c a l l y  e x c i t e d  p r o d u c t s  o f  t h e  t r i t i u m - f o r - =  
h y d r o g e n  s u b s t i t u t i o n  r e a c t i o n .  1 2 1 0  

R o y ,  S . B .  V i b r a t i o n a l  s p e c t r a  a n d  r o t a t i o n ^  
a l  i s o m e r i s m  o f  1 , 2 - p r o p a n e d i t h i o l .  4 6 9  

R o z e t t ,  R .  W . M o n o is o t o p ic  m a s s  s p e c t r a  
o f  s o m e  b o r a n e s  a n d  b o r a n e  d e r i v a t i v e s .  
2 9 8 4

R u b in ,  B .  T .  T h e o r e t i c a l  f r e e  e n e r g y  o f  
a c t i v a t i o n  f o r  d e h y d r a t i o n  o f  h y d r a t e d  
io n s  i n  s o lu t i o n .  1 2 4 5  

R u b in ,  B .  T .  T h e o r e t i c a l  f r e e  e n e r g y  o f  
a c t i v a t i o n  f o r  d e h y d r a t i o n  o f  h y d r a t e d  
io n s  i n  s o lu t i o n .  ( C o r r e c t i o n ) .  3 1 2 4  

R u b in s t e in ,  G . R e s o lu t io n  o f  t h e o p t i c a l  
s p e c t r a  o f  s o d iu m  s o lu t io n s  i n  l i q u i d  
a m m o n i a  i n t o  t w o  e x p e r i m e n t a l l y  u n r e  =  
s o lv a b le  b a n d s .  2 8 7 2  

R u p e r t ,  J .  P .  E le c t r o n  s p in  r e s o n a n c e
s p e c t r a  o f  i n t e r l a m e l l a r  c o p p e r ( I l ) - a r e n e  
c o m p le x e s  o n  m o n t m o r i l l o n i t e .  7 8 4  

R u s c h ,  P .  F .  M e t a l - a m m o n ia  s o lu t io n s .
I X .  V i b r a t i o n a l  s p e c t r o s c o p y  o f  t h e  
s o l v e n t .  2 1 0

R u s c h ,  P .  F .  M e t a l - a m m o n ia  s o lu t io n s .
X .  S in g le  c o n f i g u r a t i o n  c o o r d in a t e  
a n a l y s i s .  1 3 1 1

R u s h ,  R .  M .  P o l a r i z e d  e l e c t r o n i c  c r y s t a l
a b s o r p t i o n  s p e c t r a  o f  d i b r o m o ( e t h y l e n e d i =  
a m i n e ) p l a t i n u m  ( I I ) . 3 0 7 7  

R u s s ,  C . R .  A b s o r p t i o n  a n d  f l a s h  p h o t o l y s is  
k i n e t i c  s p e c t r o s c o p y  s t u d ie s  o n  d i f l u o r o - ,  
c h l o r o d i f l u o r o - ,  d i c h lo r o f l u o r o - ,  a n d  
t e t r a f l u o r o p h o s p h i n e .  1 1 2 6  

R y a n ,  J .  L .  E l e c t r o n - t r a n s f e r  a n d  f - d  
a b s o r p t i o n  b a n d s  o f  s o m e  l a n t h a n id e  
a n d  a c t i n i d e  c o m p le x e s  a n d  t h e  s t a n d a r d  
( I I —I I I ) o x i d a t io n  p o t e n t ia l  f o r  e a c h  
m e m b e r  o f  th e  l a n t h a n id e  a n d  a c t i n i d e  
s e r ie s .  1 5 2 8

R y d h a g ,  L .  C a t a l y s i s  o f  p - n i t r o p h e n o l  
l a u r a t e  h y d r o l y s i s  i n  s o lu t i o n  s h o w in g  
t r a n s i t i o n  f r o m  r e v e r s e d  t o  n o r m a l  
m i c e l le s .  1 2 8 0

R y t t i n g ,  J .  H .  T h e r m o d y n a m i c  g r o u p  
c o n t r i b u t i o n s  f r o m  io n  p a i r  e x t r a c t i o n  
e q u i l i b r i u m s  f o r  u s e  i n  th e  p r e d i c t i o n  o f  
p a r t i t i o n  c o e f f i c i e n t s .  C o r r e l a t i o n  o f  
s u r f a c e  a r e a  w i t h  g r o u p  c o n t r i b u t i o n s .
2694

R z a d ,  S . J .  E le c t r o n  s c a v e n g in g  a n d  p r o =  
d u c t  f o r m a t i o n  i n  t h e  y - r a d i o l y s i s  o f  
n i t r o u s  o x i d e - l i q u i d  x e n o n  s o lu t io n s .
1 1 7 6

R z a d ,  S . J .  D e c a y  o f  h y d r a t e d  e le c t r o n s  i n  
r a d i o l y t i c  s p u r s  a t  p ic o s e c o n d  t im e s .
1 9 2 6

S a b b a t i n i ,  N .  R o le  o f  t h e  e x c i t e d  s t a t e s  in  
th e  p h o t o r e a c t i o n  o f  th e  h e x a c y a n o c h r o =  
m a t e  ( I I I )  i o n .  S e n s i t iz a t i o n  s t u d y .  1 3 0 7  

S a b o u n g i ,  M .  L .  T h e r m o d y n a m i c  p r o p e r t i e s  
o f  t h e  r e c i p r o c a l  s y s t e m  ( p o t a s s i u m ( I - ) ,  
s i l v e r ! + ) / / n i t r a t e ( - ) ,  s u l f a t e ( 2 - ) )  f r o m  
i t s  p h a s e  d i a g r a m .  1 6 9 9  

S a f a r i k ,  I .  A r r h e n i u s  p a r a m e t e r s  f o r  t h e  
r e a c t i o n s  o f  m e t h y l  r a d i c a l s  w i t h  s i la n e  
a n d  m e t h y l s i l a n e s .  1 7 3 4  

S a f a r i k ,  I .  A r r h e n i u s  p a r a m e t e r s  f o r  t h e  
r e a c t i o n s  o f  h i g h e r  a l k y l  r a d i c a l s  w i t h  
s i la n e s .  1 7 4 1

S t .  R a d e ,  H .  T e m p e r a t u r e  d e p e n d e n c e  o f  
t h e  m a g n e t i c  s u s c e p t i b i l i t y  o f  m e r c u r y  
t e t r a t h i o c y a n a t o c o b a l t .  4 2 4  

S a i t a k e ,  Y .  E v id e n c e  f o r  i o n - m o le c u le
r e a c t i o n  o f  h y d r o g e n  t r a n s f e r  in  y - i r r a d i ^  
a t e d  2 , 3 - d i m e t h y l b u t a n e  a t  7 7 ° K  a s  
s t u d ie d  b y  e le c t r o n  s p in  r e s o n a n c e  
s p e c t r o s c o p y .  2 4 1 8

S a i t o ,  S . M i c r o w a v e  s t u d y  o f  t h e  m e c h a n i s m  
o f  h y d r o g e n  e x c h a n g e  r e a c t i o n  b e t w e e n  
p r o p y le n e  a n d  p - t o lu e n e s u l f o n i c  a c id .
2 9 9

S a le h ,  J .  M .  A d s o r p t i o n  o f  g a s e s  o n  g o ld  
f i l m s .  1 8 4 9

S a le s i ,  R .  J .  A b s o r p t i o n  a n d  f l a s h  p h o t o l y =  
s is  k i n e t i c  s p e c t r o s c o p y  s t u d ie s  o n  
d i f l u o r o - ,  c h l o r o d i f l u o r o - ,  d i c h lo r o f l u o r o - ,  
a n d  t e t r a f l u o r o p h o s p h i n e .  1 1 2 6  

S a lm o n ,  G .  A .  Y ie l d s  o f  e x c i t e d  s t a t e s  in  
t h e  p u ls e  r a d i o l y s i s  o f  c y c lo h e x a n e  
s o lu t io n s .  4 5

S a lo m o n ,  M .  S t a b i l i t y  a n d  s o l u b i l i t y
c o n s t a n t s  f o r  s i l v e r  h a l id e s  i n  p r o p i o n i  =  
t r i l e - s u l f u r  d i o x id e  m i x t u r e s .  3 0 0 2  

S a lu ja ,  P .  P .  S . I o n i c  s o l v a t i o n  n u m b e r s  
f r o m  c o m p r e s s ib i l i t i e s  a n d  i o n i c  v i b r a t i o n  
p o t e n t ia l s  m e a s u r e m e n t s .  R e p l y  t o  
c o m m e n t s .  1 5 9 8

S a lu ja ,  P .  P .  S . I o n - w a t e r  i n t e r a c t i o n s  in  
t h e  g a s  p h a s e .  2 7 3 6

S a m b h i ,  M .  S . A p p l i c a t i o n  o f  a  n e w  e q u a =  
t i o n  b a s e d  o n  e n t h a lp ie s  o f  f o r m a t i o n  
a n d  i o n i z a t i o n  p o t e n t ia l s  t o  t h e  p r o b le m  
o f  t h e  n a t u r e  o f  b o n d in g  i n  w e a k  m o le c u =  
l a r  c o m p le x e s .  2 2 9 0

S a m p e r i ,  R .  H y d r o g e n - t r e a t e d  g r a p h i t i z e d  
c a r b o n  b la c k s .  L i m i t i n g  i s o s t e r i c  h e a t s  
a n d  e n t r o p y  c h a n g e s  u p o n  a d s o r p t i o n  o f  
h y d r o c a r b o n s .  1 3 0 1

S a m u n i ,  A .  E le c t r o n  s p in  r e s o n a n c e  s t u d y  
o f  r a d i c a l s  p r o d u c e d  i n  th e  p h o t o l y s is  o f  
a - k e t o  a c id s  a n d  e s t e r s .  7 7 7  

S a m u n i ,  A .  E le c t r o n  s p in  r e s o n a n c e  s t u d y  
o f  t h e  r e a c t i o n  o f  h y d r o x y l  r a d i c a l s  w i t h  
p y r r o l e ,  i m id a z o le ,  a n d  r e la t e d  c o m =  
p o u n d s .  1 6 2 9

S a m u n i ,  A .  R e a c t i o n s  o f  i r o n ( I I )  a n d
t i t a n i u m  ( I I I )  w i t h  o r g a n i c  r a d i c a l s .  2 0 5 5  

S a m u n i ,  A .  H y d r o x y l  r a d i c a l  r e a c t i o n  w i t h  
p h o s p h a te  e s t e r s  a n d  t h e  m e c h a n i s m  o f  
p h o s p h a te  c le a v a g e .  2 4 2 5  

S a n d h u ,  H .  S . T h e r m a l  d e c o m p o s i t i o n  o f  
c y c lo b u t a n o n e .  1 3 1 6

S a n d i f e r ,  J .  R .  M ix e d  d i v a le n t ,  u n i v a l e n t  
c a t i o n  r e s p o n s e s  o f  c o m p l e t e l y  io n iz e d  
l i q u i d  m e m b r a n e  s y s t e m s .  2 1 2 2  

S a n o ,  T .  K i n e t i c  s t u d ie s  o f  d i s s o c ia t i o n  a n d  
r e c o m b i n a t i o n  r e a c t i o n  i n  a q u e o u s  
s o lu t io n s  o f  d i c a r b o x y l i c  a c id s  b y  m e a n s  
o f  u l t r a s o n i c  a b s o r p t i o n  m e a s u r e m e n t s .  
2 0 3 1

S a n y a l ,  N .  K .  Q u a n t u m  m e c h a n i c a l  t r e a t =  
m e n t  o f  b o n d  a n d  m o l e c u l a r  p o l a r i z a b i l i =  
t i e s  o f  s o m e  s u b s t i t u t e d  h y d r o c a r b o n s  
w i t h  r i n g  a n d  c h a in  s t r u c t u r e s .  2 5 5 2  

S a r e ,  E .  J .  P r o t o n  m a g n e t i c  r e s o n a n c e  
c h e m i c a l  s h i f t s  a n d  t h e  h y d r o g e n  b o n d  
i n  c o n c e n t r a t e d  a q u e o u s  e l e c t r o l y t e  
s o lu t io n s .  1 8 6 9

S a r r ,  M .  C y c lo p r o p a n e  s t r u c t u r a l  i s o m e r i z a =  
t i o n  i n  s h o c k  w a v e s .  3 0 3 7  

S a u n d e r s ,  B .  B .  R e a c t io n  o f  s i n g le t  m e t h y l  =  
e n e  w i t h  c y c lo p r o p a n e .  4 2 7  

S c a n d o la ,  M .  A .  R o le  o f  t h e  e x c i t e d  s t a t e s  
i n  t h e  p h o t o r e a c t i o n  o f  t h e  h e x a c y a n o e h =  
r o m a t e ( I I I )  i o n .  S e n s i t iz a t i o n  s t u d y .
1 3 0 7

S c h a f f e r ,  S . R .  C o m p a r i s o n  o f  t h e r m a l  
c r a c k i n g  o f  t h e  i s o m e r i c  h e x a n e s  w i t h  
t h a t  c a t a l y z e d  b y  p o t a s s iu m  io n  e x =  
c h a n g e d  Y  z e o l i t e .  1 5 8  

S c h e i r e r ,  J .  E .  E l e c t r o l y t i c  c o n d u c t a n c e  in  
i s o d ie l e c t r i c  m i x t u r e s  o f  p o l y s t y r e n e  a n d  
d i p h e n y lm e t h a n e .  2 2 1 7  

S c h e l l e r ,  K .  S h o c k  tu b e  i s o m e r i z a t i o n  o f  
c y c lo p r o p a n e .  I I .  V i b r a t i o n a l l y  e x c i t e d  
i n t e r m e d i a t e .  1 4 3

S c h e l lm a n ,  J .  O p t i c a l  a c t i v i t y  o f  o r ie n t e d  
h e l i x e s .  Q u a d r u p o le  c o n t r i b u t i o n s .  1 6 5 3  

S c h e l l y ,  Z .  A .  C h e m ic a l  r e l a x a t i o n  o f  
a q u e o u s  r h o d a m in e  B .  1 3 1 7  

S c h e r a g a ,  H .  A .  I o n - w a t e r  i n t e r a c t i o n s  in  
t h e  g a s  p h a s e .  2 7 3 6

S c h e r e r ,  J .  R .  R a m a n  s p e c t r a  a n d  s t r u c t u r e  
o f  w a t e r  i n  d i m e t h y l  s u l f o x id e .  2 1 0 8  

S c h ia v e l l o ,  M .  C h a r a c t e r i z a t i o n  o f  p o l y c r y s =  
t a l l i n e  s o l id  s o lu t io n s  o f  c u p r i c  o x i d e - =  
m a g n e s iu m  o x id e  b y  e le c t r o n  s p in  r e s o =  
n a n c e  m e t h o d s .  1 2 4 0  

S c h ip p e r s ,  W . B .  I n t e r a c t i o n  b e t w e e n
c r y s t a l  v i o l e t  a n d  p o l y  ( m e t h a c r y l i c  a c id )  
i n  a q u e o u s  s o lu t io n s .  I .  R e s u l t s  f r o m  
s p e c t r o s c o p ic  m e a s u r e m e n t s  a n d  d i a l y s is  
1 7 7 2

S e h is la ,  R .  M .  N u c l e a r  s p i n - l a t t i c e  r e l a x a ^  
t i o n  in  l o n g  c h a in  v is c o u s  h y d r o c a r b o n s .  
1 1 3 4

S c h le i f e r ,  A .  T h e r m a l  d e c o m p o s i t i o n  o f  
c y c lo b u t a n o n e .  C o m m e n t s .  1 3 1 7  

S c h m id t ,  P .  P .  T h e o r y  o f  s im p le  e le c t r o n  
t r a n s f e r  r e a c t i o n s .  4 8 8  

S c h n e id e r ,  I .  A .  I s o t o p i c  e x c h a n g e  r e a c t i o n s  
b e t w e e n  t h a l l i u m  ( I I I )  i n  c o m p le x  c o m =  
p o u n d s  a n d  t h a l l i u m  ( I ) - 2 0 4 .  1 9 0 4  

S c h n y d e r s ,  H .  C . A p p l i c a t i o n  o f  th e  m e c h a n  =  
i c a l  s t a b i l i t y  c o n d i t io n  t o  t h e  p r e d i c t i o n  o f  
th e  l i m i t  o f  s u p e r h e a t  f o r  n o r m a l  a lk a n e s ,  
e t h e r ,  a n d  w a t e r .  2 7 3 0  

S c h o r ,  R .  C N D O  ( c o m p le t e  n e g le c t  o f
d i f f e r e n t i a l  o v e r l a p ] / 2  c a l c u l a t i o n  o n  th e  
h e l i c a l  c o n f o r m a t io n s  o f  a  t e t r a p e p t i d e  o f  
p o l y - L - a l a n i n e .  V .  E n e r g y  s u r f a c e .  
3 0 3 3

S c h o t t ,  G . L .  E x p l o r a t o r y  s h o c k - w a v e  
s t u d y  o f  t h e r m a l  n i t r o g e n  t r i f l u o r i d e  
d e c o m p o s i t i o n  a n d  r e a c t i o n s  o f  n i t r o g e n  
t r i f l u o r i d e  a n d  d i n i t r o g e n  t e t r a f l u o r i d e  
w i t h  h y d r o g e n .  2 8 2 3

S c h r o e d e r ,  R .  R .  C o r r e l a t i o n  o f  h o m o g e n e =  
o u s  s e l f - e x c h a n g e  a n d  e le c t r o c h e m i c a l  
r a t e  d a t a .  A n o m a lo u s l y  l o w  r e o r g a n i z a =  
t i o n a l  b a r r i e r s  i n  e l e c t r o n  t r a n s f e r  r e a c =  
t i o n s  o f  c o b a l t  c o m p le x e s .  2 5 7 9

S c h u le r ,  R .  H .  E le c t r o n  s p in  r e s o n a n c e  
s p e c t r a  o f  t h e  r a d i c a l s  p r o d u c e d  i n  t h e  
r a d i o l y s i s  o f  a q u e o u s  s o lu t i o n s  o f  f u r a n  
a n d  i t s  d e r i v a t i v e s .  4 5 6  

S c h u le r ,  R .  H .  C o m p e t i t i v e  e l e c t r o n  s c a 
v e n g in g  e x p e r i m e n t s  i n  t h e  r a d i o l y s i s  o f  
h y d r o c a r b o n s .  R e s u l t s  a t  l o w  s o lu t e  
c o n c e n t r a t io n s .  9 7 8

S c h u le r ,  R .  H .  L i q u i d  c h r o m a t o g r a p h i c  
s t u d y  o f  t h e  r a d i o l y s i s  o f  a q u e o u s  s o l u ^  
t i o n s  o f  p - b r o m o p h e n o l .  1 3 5 6  

S c h u le r ,  R .  H .  S u b s t i t u e n t  e f f e c t s  o n  
e l e c t r o n  s p in  r e s o n a n c e  p a r a m e t e r s  o f  
b e n z y l  r a d i c a l s .  1 3 6 8  

S c h u le r ,  R .  H .  U r a c i l y l  r a d i c a l  p r o d u c t i o n  
i n  t h e  r a d i o l y s i s  o f  a q u e o u s  s o lu t i o n s  o f  
Che 5 - h a l o u r a c i l s .  1 8 8 8  

S c h u le r ,  R .  H .  D e c a y  o f  h y d r a t e d  e le c t r o n s  
i n  r a d i o l y t i c  s p u r s  a t  p ic o s e c o n d  t i m e s .  
1 9 2 6

S c h u lm a n ,  E .  M .  T r i p l e t - s t a t e  p h o s p h o r e s =  
c e n c e  o f  a d s o r b e d  i o n i c  o r g a n i c  m o le c u le s  
a t  r o o m  t e m p e r a t u r e .  9 0 2  

S c h u lm a n ,  S . G .  S u b s t i t u e n t  e f f e c t s  o n
e x c i t e d - s t a t e  a c i d i t i e s  o f  s o m e  s u b s t i t u t e d  
8 - h y d r o x y q u in o l i n i u m  c a t i o n s .  1 5 9 5  

S c h u l t e - F r o h l i n d e ,  D .  E le c t r o n  s p in  r e s o =  
n a n c e  i n v e s t i g a t i o n  o f  th e  d is a p p e a r a n c e  
o f  t r a p p e d  h y d r o g e n  a t o m s  i n  y - i r r a d i a t e d  
s u l f u r i c  a c id  g la s s e s .  1 2 2 2  

S c h w a r t z ,  L .  M .  tx E le c t r o n i c  s t r u c t u r e  o f  
a q u e o u s  s q u a r i c  a c id  a n d  i t s  a n io n s .  3 1 4  

S c h w a r z ,  F .  P .  I n f r a r e d  s t im u l a t e d  d u r y l  
r a d i c a l  f l u o r e s c e n c e  i n ' r i g i d  s o lu t i o n s  o f  
d u r e n e  i n  3 - m e t h y lp e n t a n e  a t  7 7 ° K .
2 4 1 1

S c h w a r z ,  F .  P .  Q u a n t i t a t i v e  b ip h o t o n ic
c h e m i s t r y  b y  a  f lu o r e s c e n c e  lo s s  m e th o d .  
P h o t o d i s s o c ia t i o n  a n d  p h o t o io n iz a t i o n  o f  
d u r e n e  in  a  r i g i d  s o lu t i o n .  2 8 0 8  

S c ig l ia n o ,  J .  M .  I n t e r n a l  p r e s s u r e s  o f  
l i q u i d s  a n d  t h e i r  r e l a t i o n  t o  t h e  e n t h a l  =  
p ie s  a n d  e n t r o p ie s  o f  m i x i n g  i n  n o n e le c ^  
t r o l y t e  s o lu t io n s .  2 7 9 4  

S e a r c y ,  A .  W .  M a s s  s p e c t r o m e t r i c  s t u d ie s  
o f  g a s e o u s  o x id e s  o f  r h e n i u m .  1 5 7 8  

S e f f ,  K .  C r y s t a l l o g r a p h i c  s t u d y  o f  th e  
s t r u c t u r e  o f  a  p a r t i a l l y  f i l l e d  a m m o n i a  
s o r p t i o n  c o m p le x  o f  z e o l i t e  4 A .  1 3 8  

S e f f ,  K .  R e d e t e r m i n a t i o n  o f  t h e  c r y s t a l  
s t r u c t u r e  o f  d e h y d r a t e d  z e o l i t e  4 A .  8 0 5  

S e f f ,  K .  C r y s t a l  s t r u c t u r e  o f  a n  a c e t y le n e  
s o r p t i o n  c o m p le x  o f  z e o l i t e  4 A .  9 0 6  

S e f f ,  K .  R e d e t e r m i n a t i o n  o f  t h e  c r y s t a l  
s t r u c t u r e  o f  d e h y d r a t e d  z e o l i t e  4 A . 
( C o r r e c t i o n ) .  3 1 2 4

S e g u c h i ,  T .  M e c h a n i s m  o f  d e c a y  o f  a l k y l  
r a d i c a l s  i n  i r r a d i a t e d  p o l y e t h y le n e  o n  
e x p o s u r e  t o  a i r  a s  s t u d ie d  b y  e le c t r o n  
s p in  r e s o n a n c e .  4 0

S e h e s te d ,  K .  F o r m a t i o n  o f  b e n z y l  r a d i c a l s  
b y  p u ls e  r a d i o l y s i s  o f  t o lu e n e  i n  a q u e o u s  
s o lu t io n s .  9 8 3

S e i f e r t ,  K .  G . D e t e r m in a t i o n  o f  t h e  s ig n s  o f  
t h e  f l u o r i n e  h y p e r f in e  c o u p l i n g  c o n s t a n t s  
o f  m o n o s u b s t i t u t e d  b e n z y l  r a d i c a l s .
2 8 7 7

S e r p h i l l i p s ,  J .  E f f e c t  o f  u r e a  c o n c e n t r a t io n  
u p o n  t h e  a c t i v a t i o n  p a r a m e t e r s  f o r  
f l u i d i t y  o f  w a t e r .  3 7 0  

S e t s e r ,  D .  W . H y d r o g e n  f l u o r i d e  a n d
d e u t e r i u m  f l u o r i d e  e l im i n a t i o n  r e a c t i o n s  
o f  c h e m i c a l l y  a c t i v a t e d  l , l , l - t r i d e u t e r i o - =  
2 , 2 - d i f lu o r o e t h a n e ,  1 , 1 - d i f lu o r o e t h a n e ,  
a n d  l , l , l - t r i d e u t e r i o - 2 - f l u o r o e t h a n e .
7 2 5

S e t s e r ,  D .  W .  U n i m o l e c u l a r  r e a c t i o n s  o f  
c h e m i c a l l y  a c t i v a t e d  2 - f l u o r o p r o p a n e - l , =  
l , l - d 3 , 2 - f l u o r o b u t a n e ,  a n d  t e r t - b u t y l  
f l u o r i d e .  R a n d o m iz a t i o n  o f  i n t e r n a l  
e n e r g ie s .  2 0 2 1

S e t s e r ,  D .  W . H y d r o g e n  f l u o r i d e  a n d  
d e u t e r i u m  f l u o r i d e  i n f r a r e d  c h e m i l u =  
m in e s c e n c e  a n d  e n e r g y  p a r t i t i o n i n g  f r o m  
t h e  r e a c t i o n s  o f  f l u o r i n e  a t o m s  w i t h  
C 6- C 10 c y c lo a l k a n e s  a n d  p r o p a n e - d 6 .
2 4 9 3

S e t s e r ,  D .  W . T r a j e c t o r y  s t u d ie s  o f  a b s t r a c t  
t i o n  r e a c t i o n s .  F l u o r i n e  a t o m s  w i t h  
s u b s t i t u t e d  m e t h a n e s  a n d  d e u t e r i u m  
a t o m s  w i t h  c h lo r o io d id e .  2 4 9 9  

S e v i l l a ,  M .  D .  R a d i c a l s  f o r m e d  b y  th e  
r e a c t i o n  o f  e l e c t r o n s  w i t h  a m in o  a c id s  
a n d  p e p t id e s  i n  a  n e u t r a l  a q u e o u s  g la s s .  
2 9 5 4

S e y m o u r ,  S . J .  M e t h a n o l - s i l i c a  g e l  s y s t e m .
V .  P u ls e  d e u t e r o n  m a g n e t i c  r e s o n a n c e  
m e a s u r e m e n t s  i n  t h e  a d s o r b e d  p h a s e .
2 8 4 7

S h a p i r a ,  D .  P h o t o l y s i s  o f  h y d r a z o i c  a c id  in  
a q u e o u s  s o lu t i o n .  1 1 9 5  

S h a r p ,  J .  H .  P h o t o r e d u c t i o n  o f  d in a p h t h o =  
[ 2 , 1 : 2  ,3  ] f u r a n - 8 , 1 3 - d i o n e  a n d  d i n a =  
p h t h o [ l , 2 : 2 ' , 3  ] f u r a n - 7 , 1 2 - d i o n e .  9 8 7
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S h a r p ,  J .  H . D i m e r i c  s t r u c t u r e  o f  a  c o p p e r  
p h t h a lo c y a n in e  p o l y m o r p h .  4 7 7  

S h a w ,  K .  N .  D e t e r m in a t i o n  o f  r o t a t i o n a l  
b a r r i e r s  i n  f o u r  t h i o a m id e s .  1 2 2 8  

S h a w ,  Y - H .  P r o t o n  m a g n e t i c  r e s o n a n c e  
s t u d y  o f  A e r o s o l  O T  [ b i s ( 2 - e t h y l h e x y l )  
s o d iu m  s u l f o s u c c i n a t e ] - w a t e r - e l e c t r o =  
l y t e - n - o c t a n e  s y s te m s .  2 3 8  

S h a w ,  Y - H .  L .  N u c l e a r  m a g n e t i c  r e s o n a n c e  
s t u d y  o f  w a t e r  d i m e r  i n  w a t e r - c h l o r o f o r m  
s o lu t io n s .  2 3 6

S h e n ,  J .  H .  W a t e r  o n  s i l i c a  a n d  s i l i c a t e  
s u r f a c e s .  I .  P a r t i a l l y  h y d r o p h o b i c  
s i l i c a s .  1 4 5 8

S h e n ,  J .  H .  W a t e r  o n  s i l i c a  a n d  s i l i c a t e  
s u r f a c e s .  I .  P a r t i a l l y  h y d r o p h o b i c  
s i l i c a s .  ( C o r r e c t i o n ) .  3 1 2 4  

S h id a ,  S . Y ie ld s  o f  f r a g m e n t  io n s  i n  th e  
r a d i o l y s i s  o f  l i q u i d  b u t a n e .  7 5 5  

S h ie h ,  C - F .  C h r o m i u m - io d i n e  s y s te m .
2 3 4 6

S h ie h ,  D .  J .  M a g n e t i c  c i r c u l a r  d i c h r o i s m  o f  
m o le c u le s  in  d e n s e  m e d ia .  I I I .  S u b s t i  =  
t u t e d  b e n z e n e s .  1 0 3 1

S h ig a ,  T .  A r o m a t i c  h y d r o x y la t i o n  c a t a l y z e d  
b y  F e n t o n 's  r e a g e n t .  E le c t r o n  p a r a m a g =  
n e t i c  r e s o n a n c e  s t u d y .  I I .  B e n z o ic  
a c id s .  3 3 0

S h ig a ,  T .  g  F a c t o r  a n d  h y p e r f in e  c o u p l i n g  
a n i s o t r o p y  i n  t h e  e le c t r o n  s p in  r e s o n a n c e  
s p e c t r a  o f  m e t h y l - ,  e t h y l - ,  a n d  a l l y l -  
t y p e  r a d i c a l s  a d s o r b e d  o n  s i l i c a  g e l .  4 5 3  

S h i l l a d y ,  D .  D .  O p t i c a l  a c t i v i t y  o f  s im p le  
c y c l i c  a m id e s .  I N D O  [ i n t e r m e d i a t e  
n e g le c t  o f  d i f f e r e n t i a l  o v e r l a p ]  m o l e c u l a r  
o r b i t a l  m o d e l .  2 4 8

S h im a n o u c h i ,  T .  F a r - i n f r a r e d  s p e c t r a  a n d  
b a r r i e r  t o  i n t e r n a l  r o t a t i o n  o f  e t h a n e t h io l  
1 9 7 7

S h im o k o s h i ,  K .  T e m p e r a t u r e  d e p e n d e n t  
e l e c t r o n  s p in  r e s o n a n c e  s p e c t r u m  o f  
c h lo r i n e  t r i o x i d e  r a d i c a l s  t r a p p e d  in  
m a g n e s iu m  p e r c h l o r a t e .  3 0 5 8  

S h in ,  H .  K .  V i b r a t i o n - t o - r o t a t i o n  e n e r g y  
t r a n s f e r  i n  w a t e r ,  h e a v y  w a t e r ,  a n d  
a m m o n ia .  3 4 6

S h in ,  H .  K .  N o n a d ja c e n t  v i b r a t i o n a l  t r a n s i =  
t i o n s  i n  m o l e c u l a r  c o l l i s i o n s .  I n t e r f e r e n c e  
b e t w e e n  o n e -  a n d  t w o - q u a n t u m  e x c i t a  =  
t i o n  p r o c e s s e s .  1 3 9 4

S h in ,  H .  K .  V i b r a t i o n a l  t r a n s i t i o n s  i n  a t o m  +  
d i a t o m i c  s y s te m s .  U s e  o f  t h e  L e n n a r d —  
J o n e s  p o t e n t ia l .  1 5 6 6  

S h in ,  H .  K .  V i b r a t i o n a l  t r a n s i t i o n s  i n  
a n h a r m o n ic  o s c i l l a t o r s .  2 6 5 7  

S h in d o ,  Y .  O p t i c a l  p r o p e r t i e s  o f  s o d iu m  
L - l , 3 , 5 - t r i p h e n y l - A - p y r a z o l i n y l  s u l f a t e .  
1 8 1 7

S h in o d a ,  K .  K r a f f t  p c in t s  o f  c a l c i u m  a n d  
s o d iu m  d o d e c y l p o l y ( o x y e t h y l e n e )  s u l f a t e s  
a n d  t h e i r  m i x t u r e s .  3 7 8  

S h o o p ,  S . L .  E f f e c t s  c f  t h e  i n t r a m o l e c u l a r  
h y d r o g e n  b o n d  o n  i n t e r m o l e c u l a r  h y d r o =  
g e n  b o n d in g  i n  h y c r o x y b e n z e n e - e t h e r  
s y s te m s .  3 1 0 3

S h o r t r i d g e ,  R .  G . J r .  P h o t o c h e m i s t r y  o f  
c y c lo h e x a n o n e .  I I .  S e c o n d  a n d  t h i r d  
s i n g le t  e x c i t e d  s t a t e s .  1 9 3 6  

S h r a g g e ,  P .  C . K in e t i c s  o f  h y d r o x id e  a n d  
p r o t o n  r e a c t i o n s  o f  p y r i m id i n e s  a n d  
p u r i n e s  b y  p u ls e  r a d i o l y s i s .  1 6 2 4  

S h u p p e r t ,  J .  A n o m a lo u s  p r o p e r t i e s  o f  
s u p e r c o o le d  w a t e r .  H e a t  c a p a c i t y ,  e x 
p a n s i v i t y ,  a n d  p r o t o n  m a g n e t i c  r e s o n a n c e  
c h e m ic a l  s h i f t  f r o m  0 t o  - 3 8 ° .  3 0 9 2  

S h u r v e l l ,  H .  F .  F a c t o r  a n a l y s i s  a s  a  c o m p l e x  
m e n t  t o  b a n d  r e s o lu t i o n  t e c h n iq u e s .  I .
T h e  m e th o d  a n d  i t s  a p p l i c a t i o n  t o  
s e l f - a s s o c ia t i o n  o f  a c e t i c  a c id .  2 5 6  

S h u r v e l l ,  H .  F .  F a c t o r  a n a l y s i s  a s  a  c o m p le  =  
m e n t  t o  b a n d  r e s o l u t i o n  t e c h n iq u e s .  I I .  
P s e u d o is o b e s t ic  p c i n t  in  th e  c h l o r o f o r m —  
d - d i b u t y l  e t h e r  s y s t e m .  2 0 8 5  

S h u - S h o u -S h e n ,  S . B o n d  d i s s o c ia t i o n
e n e r g ie s  o f  th e  m e t a l l i c  v a p o r  s p e c ie s  
a l u m i n u m - s i l v e r  a n d  a l u m i n u m - g o l d  
m e a s u r e d  b y  K n u c s e n - c e l l  m a s s  s p e c t r o =  
m e t r y .  2 0 0 8

S ie r a n t ,  J .  X .  D i e le c t r i c  b e h a v i o r  o f  th e
t e r n a r y  s y s t e m  b e n z e n e - c y c lo h e x a n e - d i  =  
o x a n e .  1 2 2 5

S i lb e r ,  H .  B .  D e u t e r i u m  is o to p e  e f f e c t s  in  
c o m p l e x a t io n  k i n e t i c s .  I I .  L a n t h a n id e  =  
( I I I )  s u l f a t e  s y s te m s .  1 2 7 5  

S i l v e r ,  B .  L .  O x y g e n - 1 7  a n d  n i t r o g e n - 1 4  
< r - -  p o l a r i z a t i o n  p a r a m e t e r s  a n d  s p in  
d e n s i t y  d i s t r i b u t i o n  i n  t h e  n i t r o x y l  
g r o u p .  72

S i l v e r ,  B . L .  ct- tt P o l a r i z a t i o n  p a r a m e t e r s  
f o r  o x y g e n - 1 7  i n  o r g a n i c  a n d  i n o r g a n i c  tt 
r a d i c a l s .  1 8 9 6

S i l v e r m a n ,  J .  R e a c t i o n  o f  h y d r o x y l  r a d i c a l s  
w i t h  p o l y e t h y le n e  o x id e  in  a q u e o u s  
s o lu t io n .  2 4 2 0

S im e r a l ,  L .  S u b s t i t u e n t  p a r a m e t e r s  f o r
c a r b o n - 1 3  c h e m i c a l  s h i f t s  o f  l , 2 - d i s u b s t i =  
t u t e d  e th a n e s .  1 5 9 0

v S im ic , M .  I n t e r a c t i o n  o f  s o lv a t e d  e le c t r o n s  
w i t h  t h e  a m id e  a n d  i m i d e  g r o u p s .  A c i d -  
b a s e  p r o p e r t i e s  o f  R C ( O H ) N H 2 r a d i c a l s .  
9 9 6

S im ic ,  M .  R e a c t i o n  o f  h y d r o x y l  a n d  o x y g e n =  
( - )  r a d i c a l s  w i t h  a r o m a t i c  c a r b o x y la t e  
a n io n s  i n  a q u e o u s  s o lu t io n s .  1 1 1 7  

S im ic ,  M .  R e a c t io n s  o f  h y d r o x y l  r a d i c a l s  
w i t h  u n s a t u r a t e d  a l i p h a t i c  a lc o h o ls  in  
a q u e o u s  s o lu t i o n .  S p e c t r o s c o p ic  a n d  
e le c t r o n  s p in  r e s o n a n c e  r a d i o l y s i s  s t u d y .  
2 6 6 2

S im o n a i t i s ,  R .  R e a c t io n s  o f  h y d r o p e r o x y l  
r a d i c a l  ( H 0 2 ) w i t h  c a r b o n  m o n o x id e  a n d  
n i t r i c  o x id e  a n d  o f  o x y g e n ( 2D ) w i t h  
w a t e r .  1 0 9 6

S im o n a i t i s ,  R .  R e a c t i o n  o f  th e  h y d r o g e n  
p e r o x id e  r a d i c a l  w i t h  o z o n e .  1 9 3 2  

S im o n e t t a ,  M .  U l t r a v i o l e t  a n d  e le c t r o n  
s p in  r e s o n a n c e  s p e c t r a  o f  n i t r o p y r i d i n e s  
a n d  n i t r o p y r i d i n e  N - o x id e s .  2 7 4 4  

S im p s o n ,  P .  G . B in d i n g  o f  m e t h y l m e r c u r y  
c h lo r i d e  t o  th e  m o d e l  p e p t id e ,  N - a c e t y l —  
L - c y s t e in e .  P r o t o n  m a g n e t i c  r e s o n a n c e  
s t u d y .  2 2 8 2

S in g h ,  J .  R .  P r o p e r t i e s  o f  l a r g e  io n s  in  
s o lv e n t s  o f  h i g h  d i e l e c t r i c  c o n s t a n t .  I I I .  
R e f r a c t i v e  i n d e x  o f  s o lu t io n s  o f  s o m e  
s a l t s  c o n t a i n i n g  a n  io n  w i t h  a  lo n g  a l k y l  
c h a in  i n  f o r m a m id e ,  N - m e t h y l a c e t a m i d e ,  
N , N ' - d i m e t h y l f o r m a m i d e ,  a n d  N . N ' - d i ^  
m e t h y l a c e t a m id e .  5 5 4  

S io w ,  K .  S . S u r f a c e  t h e r m o d y n a m ic s  o f  
p o l y m e r  s o lu t io n s .  3 5 6  

S is t e r  M a r i e  J o a n  H a r r i s  T h e r m o d y n a m i c  
g r o u p  c o n t r i b u t i o n s  f r o m  io n  p a i r  e x t r a c t  
t i o n  e q u i l i b r i u m s  f o r  u s e  i n  t h e  p r e d i c t i o n  
o f  p a r t i t i o n  c o e f f i c i e n t s .  C o r r e l a t i o n  o f  
s u r f a c e  a r e a  w i t h  g r o u p  c o n t r i b u t i o n s .  
2 6 9 4

S k e r j a n c ,  J .  C o n c e n t r a t i o n  d e p e n d e n c e  o f  
t h e  a p p a r e n t  m o l a l  v o lu m e s  o f  p o ly e le c  =  
t r o l y t e s .  2 2 2 5

S k in n e r ,  H .  B . M a s s  s p e c t r o m e t r i c  s t u d ie s  
o f  g a s e o u s  o x id e s  o f  r h e n i u m .  1 5 7 8  

S k o ln ik ,  E .  G . A b s o r p t i o n  a n d  f l a s h  p h o t o =  
l y s i s  k i n e t i c  s p e c t r o s c o p y  s t u d ie s  o n  
d i f l u o r o - ,  c h l o r o d i f l u o r o - .  d i c h lo r o f l u o r o - ,  
a n d  t e t r a f l u o r o p h o s p h in e .  1 1 2 6  

S la g e r ,  T .  L .  C a r b o n  m o n o x id e  a d s o r p t io n  
o n  m a g n e s iu m  o x id e .  1 0 1 9  

S in a r d z e w s k i ,  R .  R .  R a m a n  s p e c t r a  o f  th e  
p r o d u c t s  o f  r u b i d i u m  a n d  c e s iu m  a to m  
a r g o n  m a t r i x  r e a c t i o n s  w i t h  o x y g e n  
m o le c u le s .  8 0 1

S m a r t ,  R .  S t .  C . C a r b o n  m o n o x id e  a d s o r p =  
t i o n  o n  m a g n e s iu m  o x id e .  1 0 1 9  

S m id ,  J .  V is c o s i t y  b e h a v i o r  o f  s o lu t io n s  o f  
s o d iu m  t e t r a p h e n y l b o r o n  a n d  i t s  g l y m e  
c o m p le x e s  i n  e t h e r e a l  s o lv e n t s .  2 3 7 7  

S m i t h ,  B .  L .  R a m a n  s p e c t r o s c o p y  o f  a l k a l i  
m e t a l - a m m o n ia  s o lu t io n s .  1 7 5 3  

S m i t h ,  F .  J .  E q u i l i b r i u m  d i s t r i b u t i o n  o f  
l i t h i u m  a n d  b i s m u t h  b e t w e e n  l i q u i d  
l i t h i u m - b i s m u t h  a l lo y s  a n d  m o l t e n  
l i t h i u m  c h l o r i d e  a t  6 5 0 - 8 0 0 ° .  2 3 5 1  

S m i t h ,  G . D .  I n t e r p r e t a t i o n  o f  m i g r a t i o n  
p a t t e r n s  f o r  i n t e r a c t i n g  m i x t u r e s  o f  
r e a c t a n t s  t h a t  t r a v e l  i n  o p p o s i te  d i r e c  =  
t io n s .  2 9 1 2

S m i t h ,  N .  O . S o l u b i l i t y  o f  h e l i u m  in  w a t e r  
a n d  a q u e o u s  s o d iu m  c h lo r i d e .  R e p l y  t o  
c o m m e n t s .  2 9 2 8

S m i t h ,  P .  E le c t r o n  p a r a m a g n e t i c  r e s o n a n c e  
s p e c t r u m  o f  th e  1 - e y a n o - l - c y c lo p e n t y l  
r a d i c a l .  2 2 4 9

S m i t h ,  P .  M .  E le c t r o n  s p in  r e s o n a n c e  
s t u d ie s  o f  s p in - l a b e le d  p o l y m e r s .  I I I .  
M o l e c u l a r  w e i g h t  d e p e n d e n c e  o f  s e g m e n t  
t a l  r o t a t i o n a l  c o r r e l a t i o n  t i m e s  o f  p o ly s =  
t y r e n e  i n  d i l u t e  s o lu t i o n .  1 6 3 5  

S in y r l ,  N .  M a t r i x  i s o la t e d  m e t a l  n i t r a t e  
m o n m e r s  ( i o n  p a i r s )  i n  a r g o n ,  g la s s y  
w a t e r ,  a n d  a m m o n ia .  3 0 6 7  

S m y t h ,  C  P .  M i c r o w a v e  a b s o r p t i o n  a n d  
m o l e c u l a r  s t r u c t u r e  i n  l i q u id s .  L X X X 1 .  
D i e le c t r i c  b e h a v io r  o f  a  , u . - d ib r o m o a l=  
k a n e s .  2 3 2

S m y t h ,  C . P .  M ic r o w a v e  a b s o r p t i o n  a n d  
m o l e c u l a r  s t r u c t u r e  i n  l i q u i d s .  L X X X .  
1 , 4 - D ib r o m o p e n t a n e  a n d  t h r e e  d ib r o m o =  
b u t a n e s .  2 3 0

S n e ls o n ,  A .  P h o t o c o n d u c t i v i t y  in  a n  a r g o n  
m a t r i x  c o n t a i n i n g  s o d iu m  a n d  t e t r a c y a  =  
n o e t h y le n e .  2 4 3 4

S n i r ,  J .  O p t i c a l  a c t i v i t y  o f  o r i e n t e d  h e l ix e s .  
Q u a d r u p o le  c o n t r i b u t i o n s .  1 6 5 3

S o u s a ,  J .  A .  E x t e n d e d  H u e c k e l  m o l e c u l a r  
o r b i t a l  c a l c u la t i o n  o n  4 - m e t h y l u m b e l l i  =  
f e r o n e  a n c  i t s  t a u t o m e r .  8 6 0  

S o u te r ,  R .  W . T h e r m o t r o p ic  m e s o m o r p h is m  
in  c h i r a l  c a r b o n y l  b is  ( a m in o  a c id  e s t e r s ) .  
3 0 1 6

S p a n g le r ,  G . W . S e r ia l  s t a t i s t i c s .  I s  r a =  
d io a c t iv e  d e c a y  r a n d o m .  3 1 1 4  

S p e n c e r ,  J .  N  E f f e c t s  o f  th e  i n t r a m o l e c u l a r  
h y d r o g e n  b o n d  o n  i n t e r m o l e c u l a r  n y d r o =  
g e n  b o n d in g  i n  h y d r o x y b e n z e n e - e t h e r  
s y s te m s .  3 1 0 3

S p r a g u e ,  E .  D .  E le c t r o n  s p in  r e s o n a n c e  
i n v e s t i g a t i o n  o f  t h e  d i s a p p e a r a n c e  o f  
t r a p p e d  h y d r o g e n  a t o m s  in  y - i r r a d i a t e d  
s u l f u r i c  a c id  g la s s e s .  1 2 2 2  

S p r a g u e ,  E .  D .  H y d r o g e n  a t o m  a b s t r a c t i o n  
b y  m e t h y l  r a d i c a l s  in  3 - m e t h y lp e n t a n e  
g la s s  a t  7 7 ° K .  2 0 6 6

S r in i v a s a n ,  S . C . P r o d u c t i o n  o f  t r a p p e d  
e le c t r o n s  i n  g la s s y  3 - m e t h y lp e n t a n e  b y  
p h o t o io n iz a t i o n  o f  s o d iu m .  2 1 7 1  

S t a c y ,  C . J .  U n p e r t u r b e d  p o l y m e r  c h a in  
d im e n s io n s  f r o m  i n t r i n s i c  v is c o s i t i e s  
d e t e r m in e d  i n  g o o d  s o lv e n t s .  7 8  

S t a c y ,  C . J .  E f f e c t  o f  s id e  g r o u p s  o n  u n p e r =  
t u r b e d  c h a in  d im e n s io n s  o f  a t a c t i c  
h y d r o c a r b o n  p o l y m e r s .  1 9 8 6  

S t a k e b a k e ,  J .  L .  T h e r m a l  d e s o r p t i o n  s t u d y  
o f  th e  s u r f a c e  i n t e r a c t i o n s  b e t w e e n  w a t e r  
a n d  p lu t o n i u m  d io x id e .  5 8 1  

S t e a r n s ,  C . A .  M a s s  s p e c t r o m e t r i c  d e t e r m i =  
n a t i o n  o f  th e  d i s s o c ia t i o n  e n e r g ie s  o f  
A 1 C 2 , A 1 2C 2, a n d  A lA u C 2. 1 3 6  

S te c ,  K .  S . T h e r m o d y n a m i c  s t u d y  o f  s o =  
l u t e - s o l v e n t  i n t e r a c t i o n s  u s in g  g a s - l i q u id  
c h r o m a t o g r a p h y .  2 1 4 0  

S te d m a n ,  D .  H .  K in e t i c s  a n d  m e c h a n is m  
f o r  th e  p h o t o l y s is  o f  n i t r o g e n  d io x id e  in  
a i r .  2 6 0 4

S t e d m a n  D .  H .  K in e t i c s  o f  g a s - p h a s e  
r e a c t i o n s  c f  o z o n e  w i t h  s o m e  o le f in s .
2 5 1 1

S te e r ,  R .  P .  P r i m a r y  a n d  s e c o n d a r y  p h o t o =  
l y t i c  p r o c e s s e s  i n  t h e  p h o t o d e c o m p o s i t io n  
o f  t h i e t a n e  v a p o r .  4 3 4  

S te in ,  F .  P .  E f f e c t  o f  p a r t i c l e - s i z e  d i s t r i b u =  
t i o n  o n  th e  t h e r m a l  d e c o m p o s i t i o n  o f  
a - l e a d  a z id e .  8 7 0

S te in ,  R .  S . L i g h t  s c a t t e r i n g  a n d  m ic r o s c o p e  
i c  in v e s t i g a t i o n s  o f  m e s o p h a s e  t r a n s i t i o n  
o f  c h o le s t e r y l  m y r i s t a t e .  I .  M o r p h o lo g y  
o f  t h e  c h o le s t e r i c  p h a s e .  3 9 9  

S te in ,  R .  S . L i g h t  s c a t t e r i n g  a n d  m ic r o s c o p e  
ic  i n v e s t i g a t i o n s  o f  m e s o p h a s e  t r a n s i t i o n s  
o f  c h o l e s t e r y l  m y r i s t a t e .  I I .  K in e t i c s  o f  
s p h e r u l i t e  f o r m a t i o n .  4 0 9  

S t e r n ,  K .  H .  V a p o r iz a t i o n  k i n e t i c s  o f  
s o d iu m  c h lo r i d e .  I .  S o l id .  1 4 4 2  

S te r n ,  S . H .  N o is e  g e n e r a t e d  d u r i n g  s o d iu m  
a n d  h y d r o g e n  io n  t r a n s p o r t  a c r o s s  a 
c a t i o n  e x c h a n g e  m e m b r a n e .  1 5 6 7  

S te v e n s o n ,  B .  K .  S t a b i l i t y  a n d  s o l u b i l i t y  
c o n s t a n t s  f o r  s i l v e r  h a l id e s  i n  p r o p i o n i =  
t r i l e - s u l f u r  d i o x id e  m i x t u r e s .  3 0 0 2  

S te v e n s o n ,  G . R .  E le c t r o n  s p in  r e s o n a n c e  
s t u d y  o f  n i t r o s a m in e  a n io n  r a d i c a l s .  6 11  

S te v e n s o n ,  G . R .  E q u i l i b r i u m  s t u d ie s  b y  
e le c t r o n  s p in  r e s o n a n c e .  I I I .  N i t r o b e n z =  
e n e  f r e e  io n  a s  a  h y d r o g e n  b o n d  a c c e p t o r  
1 0 2 7

S te v e n s o n ,  G . R .  E q u i l i b r i u m  s t u d ie s  b y  
e le c t r o n  s p in  r e s o n a n c e .  I V .  E n t h a lp ie s  
o f  io n  p a i r i n g  f o r  s u b s t i t u t e d  n i t r o b e n z e n e  
a n io n  r a d i c a l s .  2 3 3 9  

S te v e n s o n ,  G . R .  E q u i l i b r i u m  s t u d ie s  b y  
e le c t r o n  s p in  r e s o n a n c e .  V .  R o le  o f  th e  
c a t i o n  i n  h y d r o g e n  b o n d in g  t o  th e  n i t r o =  
b e n z e n e  a n io n  r a d i c a l .  2 6 4 9  

S te v e n s o n ,  G . R .  E q u i l i b r i u m  s t u d ie s  b y  
e le c t r o n  s p in  r e s o n a n c e .  V I .  B e n z o q u i ^  
n o n e  f r e e  i o n - i o n  p a i r  e q u i l i b r i u m .  3 1 0 0  

S t ie g e r ,  H .  E f f e c t  o f  s o l v e n t  a n d  p r e s s u r e  
o n  t h e  r a t e s  o f  t h e  o x i d a t i v e  a d d i t i o n  
r e a c t i o n s  o f  m e t h y l  io d id e  a n d  o x y g e n  to  
c h lo r o c a r b o n y lo b is <  t r i p h e n y lp h o s p h in e  ) i r  
i d i u m ( I ) .  2 9 0

S t o c k m a y e r ,  W .  H .  R a p id  e v a l u a t i o n  o f  
d i e l e c t r i c  r e l a x a t i o n  p a r a m e t e r s  f r o m  
t i m e - d o m a i n  r e f l e c t i o n  d a t a .  1 3 4 8  

S t o r k ,  W . H .  J .  I n t e r a c t i o n  b e t w e e n  c r y s t a l  
v i o l e t  a n d  p o ly  ( m e t h a c r y l i c  a c id )  in  
a q u e o u s  s o lu t io n s .  I .  R e s u l t s  f r o m  
s p e c t r o s c o p ic  m e a s u r e m e n t s  a n d  d i a l y s is  
1 7 7 2

S t o r k ,  W .  H .  J .  I n t e r a c t i o n  b e t w e e n  c r y s t a l  
v i o l e t  a n d  p o l y  ( m e t h a c r y l i c  a c id )  in  
a q u e o u s  s o lu t io n s .  I I .  P o t e n t io m e t r i c  
a n d  v i s c o s i m e t r i c  r e s u l t s .  G e n e r a l  
d is c u s s io n .  1 7 7 8

S t r a k e y ,  J .  P .  H i g h - t e m p e r a t u r e  k i n e t i c s  
o f  p y r o l y t i c  g r a p h i t e  g a s i f i c a t i o n  b y  
f l u o r i n e  a t o m s  a n d  m o le c u le s .  6 9 0
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S t r a u s s ,  U .  P .  C o n f o r m a t i o n a l  t r a n s i t i o n s  
o f  h y d r o p h o b ie  p o l y a c id s  i n  d é n a t u r a n t  
s o lu t io n s .  E f f e c t  o f  u r e a .  1 4 2 7  

S t r a u s z ,  O . P .  A r r h e n i u s  p a r a m e t e r s  f o r  
th e  r e a c t i o n s  o f  m e t h y l  r a d i c a l s  w i t h  
s i la n e  a n d  m e t h y l s i l a n e s .  1 7 3 4  

S t r a u s z ,  O . P .  A r r h e n i u s  p a r a m e t e r s  f o r  
th e  r e a c t i o n s  o f  h i g h e r  a l k y l  r a d i c a l s  
w i t h  s i la n e s .  1 7 4 1

S t r ic  k l a n d ,  R .  O p t i c a l  a c t i v i t y  o f  s im p le  
c y c l i c  a m id e s .  I N D O  [ i n t e r m e d i a t e  
n e g le c t  o f  d i f f e r e n t i a l  o v e r l a p ]  m o l e c u l a r  
o r b i t a l  m o d e l .  2 4 8  

S t r o n g ,  J .  S o l u b i l i t i e s  o f  a l k a l i  m e t a l  
c h l o r i d e s  in  s o m e  a m in e  a n d  e t h e r  
s o lv e n t s .  5 3 3

S tu e h r ,  J .  U l t r a s o n i c  a b s o r p t i o n  a n d
r o t a t i o n a l  p h e n o m e n a  i n  t e t r a a l k y l a m m o ^  
n iu m  io n s .  S e a r c h  f o r  a p p r o p r i a t e  
m o d e ls .  9 1 2

S t u r m ,  J .  U l t r a s o n i c  a b s o r p t i o n  i n  a q u e o u s  
s o lu t i o n s  o f  n u c le o t id e s  a n d  n u c le o s id e s .
I .  E f f e c t  o f  p H  a n d  c o n c e n t r a t io n .  2 3 2 9  

S t u r t e v a n t ,  J .  M .  C a l o r i m e t r i c  i n v e s t i g a t i o n  
o f  t h e  a s s o c ia t io n  o f  v a r i o u s  p u r i n e  b a s e s  
i n  a q u e o u s  m e d ia .  5 4 4  

S t y m m e ,  H .  C N D O  [ c o m p le t e  n e g le c t  o f  
d i f f e r e n t i a l  o v e r l a p ] / 2  c a l c u l a t i o n  o n  th e  
h e l i c a l  c o n f o r m a t io n s  o f  a  t e t r a p e p t i d e  o f  
p o l y - L - a l a n i n e .  V .  ip - i f /  E n e r g y  s u r f a c e .  
3 0 3 3

S u ,  T .  I o n  c y c l o t r o n  r e s o n a n c e  s t u d ie s  o f  
i o n i c  r e a c t i o n s  in  p e r f lu o r o c a r b o n s .  
E x c i t e d  io n s  a n d  t h e i r  d e e x c i t a t i o n .  1 4 8  

S u l l i v a n ,  P .  D .  T e m p e r a t u r e - d e p e n d e n t  
s p l i t t i n g  c o n s t a n t s  i n  th e  e le c t r o n  s p in  
r e s o n a n c e  s p e c t r a  o f  c a t i o n  r a d i c a l s .  I V .  
E t h o x y  g r o u p .  1 8 5 3

S u n d e r ,  S . T h e r m o d y n a m i c s  a n d  t h e  e f f e c t  
o f  q u a n id in e  h y d r o c h l o r i d e  a n d  p o t a s s iu m  
c h l o r i d e  o n  th e  h y d r o p h o b i c  h y d r a t i o n  o f  
t e t r a b u t y l a m m o n i u m  b r o m id e  a n d  
t e t r a - n - p e n t y l a m m o n i u m  b r o m id e  in  
w a t e r .  2 3 3 5

S u t t e r ,  J .  R .  K in e t i c  s t u d ie s  o f  p e r m a n g a =  
n a te  o x i d a t io n  r e a c t io n s .  I V .  R e a c t io n  
w i t h  b r o m id e  io n .  1 5 4 7  

S u z u k i ,  K .  E f f e c t  o f  p r e s s u r e  o n  th e  d i m e r i =  
z a t i o n  o f  c a r b o x y l i c  a c id s  in  a q u e o u s  
s o lu t i o n .  1 9 1 8

S v e jd a ,  P .  P h o t o c h e m ic a l  f o r m a t i o n  o f  f r e e  
r a d i c a l s  f r o m  c h lo r o o le f i n s  a s  s t u d ie d  b y  
e le c t r o n  s p in  r e s o n a n c e .  1 8 1 9  

S v i r b e l y ,  W .  J .  K in e t i c s  o f  t w e l v e - s t e p  
c o m p e t i t i v e - c o n s e c u t i v e  s e c o n d - o r d e r  
r e a c t i o n s .  A lk a l i n e  h y d r o l y s i s  o f  t r i e t h y l  
c i t r a t e .  1 5 5 2

S v i r m i c k a s ,  A .  R e la x a t io n  p r o c e s s e s  in  
w a t e r .  S p i n - l a t t i c e  r e l a x a t i o n  o f  h e a v y  
w a t e r  i n  s u p e r c o o le d  w a t e r .  2 4 8 7  

S w e n s o n ,  C . A .  C o n f o r m a t i o n a l  e f f e c t s  o n  
t h e  n i t r o g e n - h y d r o g e n  s t r e t c h i n g  f r e q u e n t  
c ie s  o f  l a c t a m s .  6 4 5  

S w e n s o n .  C . A .  I n f r a r e d  s p e c t r o s c o p ic  
s t u d ie s  o f  N , N - d i s u b s t i t u t e d  a m id e s  a s  
m o d e ls  f o r  t h e  p e p t id e  b o n d  i n  h y d r o g e n  
b o n d e d  i n t e r a c t i o n s  w i t h  w a t e r  m o le c  =  
u le s .  2 4 0 1

S w e n s o n ,  J .  R .  A b  i n i t i o  c a l c u l a t i o n s  f o r  
th e  g r o u n d  a n d  l o w - l y i n g  t r i p l e t  s t a t e s  
o f  t h i o f o r m a l d e h y d e .  2 7 7  

T a a r i t ,  Y .  B .  E le c t r o n  p a r a m a g n e t i c  r e s o =  
n a n c e  e v id e n c e  f o r  a  p e r o x y  t y p e  s u p e r o x  =  
id e  io n  o n  s u r f a c e s .  7 8 0  

T a b a t a ,  Y .  C o n f i g u r a t i o n  c o o r d in a t e  m o d e l  
f o r  th e  h y d r a t e d  e le c t r o n .  2 6 3  

T a b a t a ,  Y .  C o n f i g u r a t i o n  c o o r d in a t e  m o d e l  
f o r  t h e  h y d r a t e d  e le c t r o n .  I I .  J a h n - T e l  = 
1 e r s p l i t t i n g  o f  t h e  e x c i t e d  s t a t e .  2 2 8 6  

T a b a y a s h i ,  K .  B im o l e c u l a r  d i s s o c ia t i o n  o f  
c y a n o g e n  b e h in d  i n c i d e n t  s h o c k  w a v e s .
5 7 5

T a c h i y a ,  M .  C o n f i g u r a t i o n  c o o r d in a t e  
m o d e l  f o r  th e  h y d r a t e d  e le c t r o n .  2 6 3  

T a c h i y a ,  M .  C o n f i g u r a t i o n  c o o r d in a t e  
m o d e l  f o r  t h e  h y d r a t e d  e le c t r o n .  I I .  
J a h n - T e l l e r  s p l i t t i n g  o f  th e  e x c i t e d  
s t a t e .  2 2 8 6

T a k a c s ,  G . A .  R e a c t io n s  o f  h y d r o g e n  a t o m s  
a n d  h y d r o x y l  r a d i c a l s  w i t h  h y d r o g e n  
b r o m id e .  1 0 6 0

T a k a c  s , G . A .  R e a c t i o n  o f  a t o m i c  o x y g e n  
w i t h  h y d r o g e n  b r o m id e .  1 1 8 2  

T a k a c s ,  G . A .  R e a c t io n s  o f  h y d r o x y l  r a d i  =  
c a ls  w i t h  s o m e  h y d r o g e n  h a l id e s .  1 9 4 8  

T a k a o ,  S . F o r m a t i o n  o f  o x y g e n - c o n t a i n i n g  
p r o d u c t s  i n  t h e  r a d i o l y s i s  o f  c y c lo h e x a n e  
s o lu t io n s  o f  n i t r o u s  o x id e .  5 8 6  

T a k e d a ,  K .  L u m in e s c e n c e  in d u c e d  b y
c r y s t a l l i z a t i o n  o f  o r g a n i c  b i n a r y  m i x t u r e s  
2 1 6 5

T a k e s h i t a ,  T .  E le c t r o n  p a r a m a g n e t i c  
r e s o n a n c e  s t u d ie s  o f  t h e  k i n e t i c s  o f  th e

i n t r a m o l e c u l a r  c a t i o n  m i g r a t i o n  p r o c e s s  
i n  a l k a l i  m e t a l  a n t h r a q u in o n e .  7 0 8  

T a k e u c h i ,  K .  F o r m a t i o n  o f  o x y g e n - c o n t a in =  
i n g  p r o d u c t s  i n  t h e  r a d i o l y s i s  o f  c y c lo h e x =  
a n e  s o lu t i o n s  o f  n i t r o u s  o x id e .  5 8 6  

T a k e z a w a ,  S . C o n d u c t a n c e  o f  e l e c t r o l y t e s  
i n  l i q u i d  s u l f u r  d i o x id e  a t  2 5 ° . 2 1 3 3  

T a m a r u ,  K .  M i c r o w a v e  s t u d y  o f  t h e  m e =  
c h a n i s m  o f  h y d r o g e n  e x c h a n g e  r e a c t i o n  
b e t w e e n  p r o p y le n e  a n d  p - t o lu e n e s u l f o n i c  
a c id .  2 9 9

T a m r e s ,  M .  V a p o r - p h a s e  c h a r g e - t r a n s f e r  
c o m p le x e s  I X .  C o n t a c t  c h a r g e - t r a n s f e r  
s p e c t r a  f o r  v o l a t i l e  a l i p h a t i c  h y d r o c a r =  
b o n - i o d in e  s y s t e m s .  2 7 5 6  

T a m u r a ,  N .  M e c h a n i s m  o f  d e c a y  o f  a l k y l  
r a d i c a l s  i n  i r r a d i a t e d  p o l y e t h y le n e  o n  
e x p o s u r e  t o  a i r  a s  s t u d ie d  b y  e le c t r o n  
s p in  r e s o n a n c e .  4 0

T a n ,  H - S .  M a s s - s p e c t r o m e t r i c  s t u d y  o f  th e  
r e a c t i o n  o f  t r i f l u o r o m e t h y l  r a d i c a l s  w i t h  
n i t r i c  o x id e .  1 3 3 5

T a n a k a ,  M .  E le c t r o n  s c a v e n g in g  b y  b r o m o =  
b e n z e n e  i n  t h e  r a d i o l y s i s  o f  h y d r o c a r b o n  
s o lu t io n s .  2 5 2 4

T a n g ,  S . P .  V a c u u m  s u b l im a t i o n  o f  a m m o =  
n iu m  p e r c h l o r a t e .  9 4 0

T a n g ,  Y .  N .  R e l a t i v e  r e a c t i v i t i e s  o f  c a r b o n —  
c a r b o n  s in g le  b o n d s  i n  n o r m a l i z e d  r e c o i l  
t r i t i u m  s y s t e m s .  2 4 6 4  

T a n ig u c h i ,  S . P u ls e  r a d i o l y s i s  o f  m e r c u r i c  
io n  i n  a q u e o u s  s o lu t io n s .  2 8 6 8  

T a n ig u c h i ,  Y .  E f f e c t  o f  p r e s s u r e  o n  th e  
d i m e r i z a t i o n  o f  c a r b o x y l i c  a c id s  in  
a q u e o u s  s o lu t i o n .  1 9 1 8  

T a n n a h i l l ,  M .  M .  D i m e t h y l  s u l f o x id e
a s s o c ia t io n  in  d i m e t h y l  s u l f o x i d e - p y r i d i n e  
m i x t u r e s .  I n f r a r e d  a n d  l i g h t  s c a t t e r i n g  
s p e c t r o s c o p y .  2 4 4 4

T a r a s s o f f ,  P .  G . E le c t r o n i c  a b s o r p t i o n  a n d  
e m is s io n  o f  a r o m a t i c  h y d r o x y c a r b o n i u m  
io n s .  2 2 7 6

T a u b e ,  H .  P h o t o c h e m ic a l  s t u d ie s  o n  o z o n e  
w i t h  c a r b o n  d i s u l f i d e  a n d  w i t h  c a r b o n y l  
s u l f i d e  in  l o w - t e m p e r a t u r e  m a t r i x e s .
1 0 0 7

T a y l o r ,  G . W .  A r g o n  a n d  x e n o n  m e t a s t a b le  
a t o m  e n e r g y  t r a n s f e r  r e a c t i o n s  w i t h  
c a r b o n  d i s u l f i d e ,  c a r b o n y l  s u l f i d e ,  a n d  
t h io p h o s g e n e .  1 2 4

T a y l o r ,  R .  S . K in e t i c s  o f  b i n d i n g  o f  p y r o =  
p h o s p h a te  t o  m a g n e s iu m  io n s .  2 3 1 8  

T e a ld i ,  A .  B u l k  p r o p e r t i e s  o f  s y n t h e t i c
p o l y m e r - i n o r g a n i c  s a l t  s y s t e m s .  M e l t i n g  
b e h a v i o r  o f  s a l t e d  p o l y ( c a p r o a m i d e ) .
3 8 9

T e s t a ,  A .  C . P h o t o c h e m i s t r y  o f  4 - n i t r o p y r i =  
d in e  i n  a c id  s o lu t io n s .  1 4 8 7  

T e s t a ,  A .  C . F lu o r e s c e n c e  o f  c y c lo a lk a n o n e s  
1 8 3 0

T e v a u l t ,  D .  E .  M a t r i x  i n f r a r e d  s p e c t r u m  
a n d  e v id e n c e  f o r  p h o t o i s o m e r is m  o f  
l i t h i u m *  n i t r o x i d e  * .  I n f r a r e d  s p e c t r u m  
o f  l i t h i u m "  ( n i t r o x i d e ) 2 *  l i t h i u m  + . 1 6 4 0  

T e v a u l t ,  D .  E .  M a t r i x  r e a c t i o n s  o f  s o d iu m ,  
p o t a s s iu m ,  r u b i d i u m ,  a n d  c e s iu m  a to m s  
w i t h  n i t r i c  o x id e .  I n f r a r e d  s p e c t r a  o f  t h e  
m e t a l (  +  ) n i t r o x i d e ( - )  s p e c ie s .  1 6 4 6  

T h i b a u l t ,  R .  M .  C o n c e n t r a t i o n  a n d  t e m p e r ^  
a t u r e  d e p e n d e n c e  o f  th e  q u a n t u m  y ie ld  
a n d  l i f e t i m e  o f  th e  lo w e s t  t r i p l e t  s t a t e  o f  
b e n z e n e  in  th e  l i q u i d  p h a s e .  1 1 0 5  

T h i e r y ,  J .  M .  C o m p e t i t i v e  s o l v a t i o n  o f  
m a g n e s iu m  io n  i n  w a t e r - a c e t o n e  s o lu =  
t i o n s .  P r o t o n  m a g n e t i c  r e s o n a n c e  s t u d y  
o f  t h e  h y b r i d  s o l v a t i o n  s h e l ls  o f  m a g n e s ia  
u m ( I I ) .  1 2 9 4

T h o m a s ,  H .  C . T r a c e r  d i f f u s i o n  c o e f f i c i e n t s  
i n  a q u e o u s  s o lu t io n s .  I .  M e t h o d .  S o d iu m  
in  s o d iu m  c h lo r i d e .  2 2 3 3  

T h o m a s ,  S . G . J r .  C o n d e n s e d - p h a s e  p h o t o =  
c h e m i s t r y  o f  f o r m a ld e h y d e .  2 4 6 9  

T h o m p s o n ,  K .  R .  S p e c t r a  o f  m a t r i x  i s o la t e d  
t r a n s i t i o n  m e t a l  m o n o x id e s .  M a n g a n e s e ^  
( I I )  a n d  c o p p e r ( I I )  o x id e s .  E v id e n c e  f o r  a  
2 I I  g r o u n d  s t a t e  f o r  c o p p e r ( I I )  o x id e .  4 9  

T h y r i o n ,  F .  C . F la s h  p h o t o l y s is  o f  a r o m a t i c  
s u l f u r  m o le c u le s .  1 4 7 8  

T ie n h o v e n ,  C . A .  >1. T r a n s i t i o n  e n t r o p ie s  
a n d  m e s o m o r p h ic  b e h a v io r  o f  p - d i s u b s t i =  
t u t e d  a z o x y b e n z e n e s .  2 1 5 3  

T in g ,  C - T .  K in e t i c  i s o to p e  e f f e c t s  in  r e a c  =  
t i o n s  o f  h o t  m e t h y l  r a d i c a l s  w i t h  h y d r o =  
g e n .  2 2 5 7

T o k u r a ,  N . C o n d u c t a n c e  o f  e l e c t r o l y t e s  i n  
l i q u i d  s u l f u r  d i o x id e  a t  2 5 ° .  2 1 3 3  

T o l l e y ,  L .  G . E le c t r o n  s p in  r e s o n a n c e  s t u d y  
o f  p h o t o in d u c e d  t r i p l e t  s t a t e s  f r o m  
o r g a n i c  d y e  s o lu t io n s .  2 7 1 2  

T o m a ,  F .  C o m p e t i t i v e  s o l v a t i o n  o f  m a g n e s i=  
u m  io n  i n  w a t e r - a c e t o n e  s o lu t io n s .
P r o t o n  m a g n e t i c  r e s o n a n c e  s t u d y  o f  th e  
h y b r i d  s o l v a t i o n  s h e l ls  o f  m a g n e s iu m  ( I I ) .  
1 2 9 4

T o m in a g a ,  T .  C o n d u c t a n c e  a n d  i o n - p a i r  
f o r m a t i o n  o f  b i s ( 2 , 9 - d i m e t h y l - l - 1 0 - p h e =  
n a n t h r o l i n e ) c o p p e r ( I )  p e r c h l o r a t e .  I I .  I n  
n i t r o b e n z e n e - c a r b o n  t e t r a c h l o r i d e  a n d  
m e t h a n o l - c a r b o n  t e t r a c h l o r i d e  m i x t u r e s .  
5 1 9

T o m in a g a ,  T .  C o n d u c t a n c e  a n d  io n  p a i r  
f o r m a t i o n  o f  b i s ( 2 , 9 - d : m e t h y l - l , 1 0 - p h e  =  
n a n t h r o l i n e ) c o p p e r ( I )  p e r c h l o r a t e .  I I I .
I n  a c e t o n i t r i l e - c a r b o n  t e t r a c h l o r i d e  a n d  
w a t e r - d i o x a n e  m i x t u r e s .  8 1 9  

T o m i t a ,  E .  A r o m a t i c  h y c r o x y l a t i o n  c a t a =  
ly z e d  b y  F e n t o n 's  r e a g e n t .  E le c t r o n  
p a r a m a g n e t i c  r e s o n a n c e  s t u d y .  I I .
B e n z o ic  a c id s .  3 3 0

T o m o t s u ,  T .  L u m in e s c e n c e  in d u c e d  b y
c r y s t a l l i z a t i o n  o f  o r g a n i c  b i n a r y  m i x t u r e s  
2 1 6 5

T o t h ,  L .  M .  R a m a n  s p e c t r a  o f  B e 2F 73“  a n d  
h ig h e r  p o l y m e r s  o f  b e r y l l i u m  f l u o r i d e s  in  
th e  c r y s t a l l i n e  a n d  m c l t e n  s t a t e .  2 1 6  

T o t h ,  L .  M .  R a m a n  s p e c t r a  o f  z i r c o n iu m ^
( I V )  f l u o r i d e  c o m p le x  io n s  i n  f l u o r i d e  
m e l t s  a n d  p o l y c r y s t a l l i n e  s o l id s .  1 3 8 4  

T o t h ,  L .  M .  R a m a n  s p e c t r a  o f  t h o r i u m  ( I V )  
f l u o r i d e  c o m p le x  io n s  in  f l u o r i d e  m e l t s .  
2 6 5 4

T o t h ,  L .  M .  T e m p e r a t u r e  a n d  s o lv e n t  
e f f e c t s  o n  th e  e q u i l i b r i u m  o f  d i lu t e  
u r a n i u m  t r i f l u o r i d e  s o lu t io n s  c o n t a in e d  
i n  g r a p h i t e .  2 7 9 9

T r e in i n ,  A .  P h o t o l y s i s  o f  h y d r a z o i c  a c id  i n  
a q u e o u s  s o lu t io n .  1 1 9 5  

T r i n d l e ,  C . M a t r i x  r e a c t i o n s  o f  c e s iu m  
a t o m s  w i t h  o x y g e n  m o le c u le s .  I n f r a r e d  
s p e c t r u m  a n d  v i b r a t i o n a l  a n a l y s i s  o f  
c e s iu m  s u p e r o x id e  ( C 3 * 0 2 ~ ) .  I n f r a r e d  
o b s e r v a t i o n  o f  c e s iu m  p e r o x id e  ( C s " 022 _ := 
C s + ) a n d  c e s iu m  d is u p e r o x id e  ( C s * 0 4“ ) .  
T h e o r e t i c a l  s t r u c t u r e  o f  a l k a l i  m e t a l  
o x id e s  ( M * 0 4_ ) .  1 0 6 5  

T r o u p ,  J .  M .  M e c h a n i s m  o f  io n  e x c h a n g e  
i n  c r y s t a l l i n e  z i r c o n iu m  p h o s p h a t e s .
V I I .  C r y s t a l  s t r u c t u r e  o f  « - z i r c o n i u m  
b is  ( a m m o n iu m  o r t h o p h o s p h a t e )  m o n o h =  
y d r a t e .  2 4 3

T s c h u i k o w - R o u x ,  E .  K in e t i c s  o f  t h e  t h e r =  
m a l  d i s s o c ia t i o n  o f  t e t r a f l u o r o h y d r a z i n e .  
7 3 4

T s c h u i k o w - R o u x ,  E .  S p e c t r o p h o t o m e t r i c  
d e t e r m i n a t i o n  o f  t h e  r a t e  o f  d i s s o c ia t i o n  
o f  n i t r o g e n  t r i f l u o r i d e  b e h in d  s h o c k  
w a v e s .  1 4 7 5

T s u c h i y a ,  S . L a s in g  a c t i o n  a n d  t h e  r e l a t i v e  
p o p u la t io n s  o f  v i b r a t i o n a l l y  e x c i t e d  
c a r b o n  m o n o x id e  p r o d u c e d  in  p u l s e - d i s c =  
h a r g e d  c a r b o n  d i s u l f i d e - o x y g e n - h e l i u m  
m i x t u r e s .  2 4 5 5

T u c k e r ,  E .  E .  A lc o h o l  a s s o c ia t io n  s t u d ie s .
I I .  V a p o r  p r e s s u r e ,  2 2 0 - M H z  p r o t o n  
m a g n e t i c  r e s o n a n c e ,  a n d  i n f r a r e d  i n v e s t s  
g a t i o n s  o f  t e r t - b u t y l  a l c o h o l  a s s o c ia t io n  
i n  h e x a d e c a n e .  1 7 8 3  

T u c k e r ,  J .  C . A n o m a lo u s  p r o p e r t i e s  o f  
s u p e r c o o le d  w a t e r .  H e a t  c a p a c i t y ,  e x  =  
p a n s i v i t y ,  a n d  p r o t o n  m a g n e t i c  r e s o n a n c e  
c h e m ic a l  s h i f t  f r o m  0  t o  - 3 8 ° .  3 0 9 2  

T u r n e r ,  J .  B .  S p e c t r a  a n d  s t r u c t u r e  o f  
o r g a n o g e r m a n e s .  X V .  M ic r o w a v e  
s p e c t r u m  o f  t r i m e t h y l g e r m a n e .  2 2 7  

T u t t l e ,  T .  R .  J r .  S o lu b i l i t i e s  o f  a l k a l i
m e t a l  c h lo r i d e s  i n  s o m e  a m in e  a n d  e t h e r  
s o lv e n t s .  5 3 3

T u t t l e ,  T .  R .  J r .  D e t e r m in a t i o n  o f  i o n - p a i r =  
i n g  d i s s o c ia t i o n  c o n s t a n t s  u s in g  e le c t r o n  
s p in  r e s o n a n c e  s p e c t r o s c o p y .  1 5 6 6  

T u t t l e ,  T .  R .  J r .  R e s o lu t io n  o f  t h e o p t i c a l  
s p e c t r a  o f  s o d iu m  s o lu t io n s  in  l i q u i d  
a m m o n ia  i n t o  t w o  e x p e r i m e n t a l l y  u n r e  =  
s o lv a b le  b a n d s .  2 8 7 2  

U e d a ,  T .  E f f e c t i v e  f i x e d  c h a r g e  d e n s i t y  
g o v e r n in g  m e m b r a n e  p h e n o m e n a .  V I .  
A c t i v i t y  c o e f f i c i e n t s  a n d  m o b i l i t i e s  o f  
s m a l l  io n s  i n  a q u e o u s  s o lu t i o n s  o f  p o l y =  
( s t y r e n e s u l f o n i c  a c id  i.  2 9 9 5  

U n la n d ,  M .  L .  I s o c y a n a t e  i n t e r m e d i a t e s  in  
t h e  r e a c t i o n  n i t r o g e n  m o n o x id e  +  c a r b o n  
m o n o x id e  o v e r  a  p l a t . n u m / a lu m i n u m  
o x id e  c a t a l y s t .  1 9 5 2

U y t t e r h o e v e n ,  J .  B .  A - T y p e  h y d r o x y ls  o n  
s i l i c a  s u r f a c e s .  1 4 7 0

U y t t e r h o e v e n ,  J .  B .  L o c a t i o n  o f  c a t io n s  i n  
s y n t h e t i c  z e o l i t e s  X  a n d  Y .  I I I .  P o t a s s i=  
u m - a l k y l a m m o n i u m  Y  z e o l i t e s .  2 8 8 0  

V a l e n t i ,  B .  B u l k  p r o p e r t i e s  o f  s y n t h e t i c  
p o l y m e r - i n o r g a n i c  s a l t  s y s te m s .  M e l t i n g  
b e h a v io r  o f  s a l t e d  p o l y  ( c a p r o a m id e ) .
3 8 9

V a l l e t ,  C . T h e r m o d y n a m i c  p r o p e r t i e s  o f  
t h e  r e c i p r o c a l  s y s t e m  ( p o t a s s iu m «  + ) ,  
s i l v e r «  +  » / / n i t r a t e ( - ) .  s u l f a t e » 2 - > )  f r o m  
i t s  p h a s e  d i a g r a m .  1 6 9 9
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V a l l e t ,  C . E .  A p p l i c a t i o n  o f  t h e  q u a s i l a t t i c e  
m o d e l  t o  a s s o c ia t io n  i n  d i l u t e  r e c i p r o c a l  
m o l t e n  s a l t  m i x t u r e s .  S y s te m  s i l v e r  
s u l f a t e - p o t a s s iu m  n i t r a t e .  2 6 7 2  

V a n  C a u w e la e r t ,  F .  H .  A - T y p e  h y d r o x y ls  
o n  s i l i c a  s u r f a c e s .  1 4 7 0  

V a n  d e r  V e e n ,  J .  T r a n s i t i o n  e n t r o p ie s  a n c  
m e s o m o r p h ic  b e h a v i o r  o f  p - d i s u b s t i t u t e d  
a z o x y b e n z e n e s .  2 1 5 3  

V a n  D u u r e n ,  B .  L .  H y d r o p h o b i c  f l u o r e s =  
c e n c e  p r o b e  s t u d ie s  w i t h  p o l y - L - l y s i n e .
6 4 8

V a n  R e e n e n ,  T .  J .  P o t e n t ia l s  o f  g la s s  
m e m b r a n e s  i n  m o l t e n  b i n a r y  n i t r a t e s .
1 6 7 6

V a n s a n t ,  E .  F .  A d s o r p t i o n  o f  a m m o n i a  in  
c o p p e r ( I I )  Y - z e o l i t e s .  6 6 3  

V a n s a n t ,  E .  F .  I r o n - n i t r o s y l  c o m p le x e s  
f o r m e d  i n  z e o l i t e s .  2 9 6 4  

V a n  W a z e r ,  J .  R .  B in d i n g  e n e r g y  s h i f t s  in  
th e  x - r a y  p h o t o e le c t r o n  s p e c t r a  o f  a  
s e r ie s  o f  r e l a t e d  G r o u p  I V a  c o m p o u n d s .  
9 6 4

V a r a n i ,  G . Q u e n c h in g  o f  t h e  t r i s  ( e t h y le n e  =  
d i a m i n e ) c h r o m i u m ( I I I )  p h o s p h o r e s c e n c e  
b y  s o m e  t r a n s i t i o n  m e t a l  io n s  i n  a q u e o u s  
s o lu t io n s .  2 6 1 4

V a r a n i ,  G . R o le  o f  t h e  e x c i t e d  s t a t e s  i n  t h e  
p h o t o c h e m ic a l  a n d  p h o t o p h y s i c a l  b e h a v =  
i o r  o f  t r i s ( e t h y l e n e d i a m i n e ) c h r o m i u m ( I I I )  
i n  a q u e o u s  s o lu t io n s .  2 9 4 7  

V a r g a ,  C . E .  D i e le c t r i c  r e l a x a t i o n  o f  t e t r a =  
h e d r a l ,  o c t a h e d r a l ,  a n d  c u b i c  c o m p le x e s  
o f  a c e t y la c e t o n e .  1 0 7 3  

V e d r i n e ,  J .  C . E le c t r o n  s p in  r e s o n a n c e  
s t u d y  o f  o x y g e n  s p e c ie s  a d s o r b e d  o n  
7- i r r a d i a t e d  z e o l i t e s .  1 6 0 6  

V e r t e s ,  A .  C o r r e l a t i o n  o f  o r t h o p o s i t r o n i u m  
a n n i h i la t io n  w i t h  s u r f a c e  t e n s io n  in  
l i q u i d s  a n d  l i q u i d  m i x t u r e s .  2 2 2 9  

V e s le y ,  G . F .  R o le  o f  s i n g le t  a n d  t r i p l e t  
s t a t e s  i n  a r o m a t i c  s u b s t i t u t io n  r e a c t i o n s .  
I I .  F lu o r e s c e n c e  q u e n c h in g  o f  a n is o le  
a n d  p - h y d r o q u in o n e  b y  a c id s .  1 3 4 5  

V ie i l ,  E .  C o m p a r i s o n  o f  m i c e l l a r  e f f e c t s  o n  
s i n g le t  e x c i t e d  s t a t e s  o f  a n t h r a c e n e  a n d  
p e r y le n e .  1 1 9 1

V ig e e ,  G . S . N u c l e a r  m a g n e t i c  r e s o n a n c e  
l i n e  b r o a d e n in g  s t u d y  o f  d i m e t h y l  s u l f o x =  
id e  i n  t r i s ( e t h y l e n e d i a m i n e ) c h r o m i u m  =  
( I l l ) - d i m e t h y l  s u l f o x id e  s o lu t i o n .  8 5 5  

V i j a y e n d r a n ,  B .  R .  F i l m  b u r s t i n g .  V .
E f f e c t  o f  v a r i o u s  a t m o s p h e r e s  a n d  th e  
a n o m a ly  o f  N e w t o n  b la c k  f i l m s .  1 6 9 2  

V i l l e m i n ,  M .  C o m p e t i t i v e  s o l v a t i o n  o f  
m a g n e s iu m  io n  i n  w a t e r - a c e t o n e  s o lu =  
t io n s .  P r o t o n  m a g n e t i c  r e s o n a n c e  s t u d y  
o f  th e  h y b r i d  s o l v a t i o n  s h e l ls  o f  m a g n e s i=  
u m ( I I ) .  1 2 9 4

V i r m a n i ,  Y .  P .  E le c t r o n  p a r a m a g n e t i c  
r e s o n a n c e  s t u d y  o f  h y d r o g e n  a t o m s  
t r a p p e d  i n  7- i r r a d i a t e d  l i t h i u m  p h o s p =  
h a te s .  2 6 2 2

V i t a g l i a n o ,  V .  I n t e r a c t i o n  b e t w e e n  A c r i d i n e  
O r a n g e  a n d  p o l y ( s t y r e n e s u l f o n ic  a c i d ) .
2 0 4

V i t a g l i a n o ,  V .  T e m p e r a t u r e - j u m p  e x p e r i  =  
m e n t s  o n  th e  s y s t e m  a c r i d i n e  o r a n g e —  
p o l y ( s t y r e n e s u l f o n . c  a c i d ) .  1 9 2 2  

V la d i m i r o f f ,  T .  C o m p a r i s o n  o f  t h e  u s e  o f  
3 d  p o l a r i z a t i o n  f u n c t i o n s  a n d  b o n d  
f u n c t i o n s  i n  G a u s s ia n  H a r t r e e - F o c k  
c a l c u l a t i o n s .  1 9 8 3

V o lm a n ,  D .  H .  P h o t o c h e m ic a l  f o r m a t i o n  o f  
f r e e  r a d i c a l s  f r o m  c h l o r o o l e f i n s  a s  s t u d ie d  
b y  e le c t r o n  s p in  r e s o n a n c e .  1 8 1 9  

V o lm a n ,  D .  H .  H y d r o g e n  is o to p e  e f f e c t s  
e f f e c t s  i n  t h e  r e a c t i o n  o f  w a t e r  v a p o r  
w i t h  a l k a l i  m e t a l  m i r r o r s .  1 8 4 4  

W a d a ,  T .  Y ie ld s  o f  f r a g m e n t  io n s  i n  th e  
r a d i o l y s i s  o f  l i q u i d  b u t a n e .  7 5 5  

W a h l ,  A . C . R a t e  o f  e  e c t r o n  t r a n s f e r
b e t w e e n  t r i s  ( 3 , 4 , 7 , 3 - t e t r a m e t h y l - l ,  1 0 —  
p h e n a n t h r o l i n e ) i r o n ( I I )  a n d  - ( I I I )  io n s  
f r o m  n u c l e a r  m a g n e t i c  r e s o n a n c e  s t u d ie s  
2 1 6 3

W a k a m iy a ,  M .  I n t e r a c t i o n  o f  o x y g e n  w i t h  
a c e to n e  a n d  2- p r o p a n o l  a d s o r b e d  o n  
m a g n e s iu m  o x id e .  1 4 1  

W a k a y a m a ,  T .  S e le c t iv e  h y d r o g e n  a to m  
a b s t r a c t i o n  b y  h y d r o g e n  a t o m s  i n  n e o =  
p e n t a n e - a l k a n e  m i x t u r e s  a t  7 7 ° K .  2 3 6 5  

W a lk e r ,  M .  S . P h o t o r e d u c t i o n  o f  d i n a =  
p h t h o [ 2 , l : 2  ,3  ] f u r a n - 8 , 1 3 - d i o n e  a n d  
d i n a p h t h o ( l , 2 : 2  ,3  ] f u r a n - 7 , 1 2 - d i o n e .
9 8 7

W a lk e r ,  S . D i e l e c t r i c  s t u d ie s .  X X X I I I .
E s t a b l i s h m e n t  o f  a c e t y l  g r o u p  r e l a x a t i o n  
in  m o n o - a n d  p - s u t s t i t u t e d  b e n z e n e  
c o m p o u n d s .  7 1 4

W a l l i n g ,  C . T r i p l e t - s t a t e  p h o s p h o r e s c e n c e  
o f  a d s o r b e d  i o n i c  o r g a n i c  m o le c u le s  a t  
r o o m  t e m p e r a t u r e  9 0 2

W a ls h ,  P .  M .  V i b r a t i o n  r e l a x a t i o n  in  
c a r b o n  d io x id e  w i t h  s e le c te d  c o l l i s i o n  
p a r t n e r s .  I I .  M e t h a n e ,  t e t r a d e u t e r i o m ^  
e th a n e ,  a n d  f l u o r o m e t h a n e .  1 0 7 8  

W a n g ,  S . M .  N u c l e a r  m a g n e t i c  r e s o n a n c e  
s t u d y  o f  w a t e r  d i m e r  i n  w a t e r - c h l o r o f o r m  
s o lu t io n s .  2 3 6

W a n g ,  S . Y .  C t T r a n s i t i o n .  I I I .  E x p e r t  
i m e n t a l  a n d  t h e o r e t i c a l  v e r i f i c a t i o n  o f  
t h e  a s s ig n m e n t .  4 8 2

W a n n in k h o f ,  M .  W .  M .  T r a n s i t i o n  e n t r o =  
p ie s  a n d  m e s o m o r p h ic  b e h a v io r  o f  p - d i =  
s u b s t i t u t e d  a z o x y b e n z e n e s .  2 1 5 3  

W a r d ,  W . J .  I I I .  A n a l y s i s  o f  p o t e n t ia l
d i f f e r e n c e  i n  e l e c t r i c a l l y  in d u c e d  c a r r i e r  
t r a n s p o r t  s y s t e m s .  8 4 6  

W a r e ,  W . R .  D e c o n v o lu t i o n  o f  f l u o r e s c e n c e  
a n d  p h o s p h o r e s c e n c e  d e c a y  c u r v e s .  
L e a s t - s q u a r e s  m e t h o d .  2 0 3 8  

W a r r e n ,  K .  D .  L i g a n d  f i e l d  t h e o r y  o f  m e t a l  
s a n d w ic h  c o m p le x e s .  A x i a l  f i e l d  s p i n - o r =  
b i t  p e r t u r b a t i o n  c a l c u l a t i o n s  f o r  d J ( d 9 ) ,  
d 2( d 8 ) , a n d  d 3( d 7 ) c o n f i g u r a t i o n s .  1 6 8 1  

W a s g e s t ia n ,  H .  F .  Q u e n c h in g  o f  t h e  t r i s =  
( e t h y l e n e d ia m i n e ) c h r o m iu m  ( I I I )  p h o s =  
p h o r e s c e n c e  b y  s o m e  t r a n s i t i o n  m e t a l  
io n s  i n  a q u e o u s  s o lu t io n s .  2 6 1 4  

W a s g e s t ia n ,  H .  F .  R o le  o f  t h e  e x c i t e d  
s t a t e s  i n  th e  p h o t o c h e m ic a l  a n d  p h o t o =  
p h y s i c a l  b e h a v io r  o f  t r i s ( e t h v l e n e d i a =  
m in e )  c h r o m i u m  ( I I I )  i n  a q u e o u s  s o lu t io n s  
2 9 4 7

W a s s o n ,  J .  R .  C h e m ic a l  e x c h a n g e  s p in  
d e c o u p l i n g  i n  th e  n u c l e a r  m a g n e t i c  
r e s o n a n c e  s p e c t r a  o f  h e x a m e t h y lp h o s p h o =  
r a m i d e - m e t a l  h a l i d e  s o lu t io n s .  1 8 9  

W a s s o n ,  J .  R .  E le c t r o n  s p in  r e s o n a n c e  
s p e c t r a  o f  m a n g a n e s e  ( I I )  i n  f i v e  i s o =  
m o r p h i c  h o s t  l a t t i c e s  o f  h e x a k is a n t ip y r i n e  
m e t a l  p e r c h lo r a t e s .  9 4 5  

W a ta n a b e ,  T .  E f f e c t  o f  p r e s s u r e  o n  th e  
d i m e r i z a t i o n  o f  c a r b o x y l i c  a c id s  in  
a q u e o u s  s o lu t i o n .  1 9 1 8  

W a t k in s ,  A .  R .  Q u e n c h in g  o f  b i p h e n y l  
f l u o r e s c e n c e  b y  i n o r g a n i c  io n s .  1 2 0 7  

W a t k in s ,  C . L .  N u c l e a r  m a g n e t i c  r e s o n a n c e  
l i n e  b r o a d e n in g  s t u d y  o f  d i m e t h y l  s u l f o x =  
id e  in  t r i s ( e t h y l e n e d i a m i n e ) c h r o m i u m  =  
( I l l ) - d i m e t h y l  s u l f o x id e  s o lu t io n .  8 5 5  

W a t k in s ,  K .  W . I s o m e r i z a t i o n  o f  1 - h e x y l  
r a d i c a l s  i n  t h e  g a s  p h a s e .  2 9 3 8  

W a ts o n ,  E .  J r .  D i e le c t r i c  r e l a x a t i o n  o f  
t e t r a h e d r a l ,  o c t a h e d r a l ,  a n d  c u b ic  c o m =  
p le x e s  o f  a c e t y la c e t o n e .  1 0 7 3  

W a t t s ,  M .  T .  E le c t r o n  s p in  r e s o n a n c e  
s t u d ie s  o f  H e is e n b e r g  s p in  e x c h a n g e .  
E f f e c t  o f  m a c r o c y c l i c  p o l y e t h e r s  o n  th e  
s p in  e x c h a n g e  r a t e  f o r  i o n  p a i r s .  6 2 5  

W a t t s ,  M .  T .  E le c t r o n  s p in  r e s o n a n c e  
s t u d ie s  o f  t h e  e f f e c t  o f  io n  p a i r i n g  o n  
s o m e  s im p le  r e a c t i o n s  i n v o l v i n g  th e  
t e t r a c y a n o e t h y le n e  a n io n  r a d i c a l .  2 9 5 9  

W a y la n d ,  B .  B .  N i t r o g e n - 1 4  c o n t a c t  s h i f t s  
a n d  l i n e  b r o a d e n in g  s t u d ie s  f o r  a c e t o n i=  
t r i l e  c o m p le x e s  o f  c o p p e r ( I I ) ,  n i c k e l ( I I ) ,  
c o b a l t  ( I I ) ,  a n d  t i t a n i u m  ( I I I ) .  6 3 4  

W a y s b o r t ,  D .  N u c l e a r  m a g n e t i c  r e s o n a n c e  
s t u d y  o f  t h e  p r o t o n  e x c h a n g e  r e a c t i o n  o f  
h e x a m m i n e r u t h e n i u m ( I I I ) .  9 6 0  

W e e ,  E .  L .  N i t r o x i d e  s p in - l a b e le d  p o l y - 7—  
b e n z y l - « , L - g lu t a m a t e .  1 8 2  

W e in s t e in ,  J .  N .  D e f i n i t i o n  o f  v o lu m e  f l o w  
i n  th e  K e d e m - K a t c h a l s k y  f o r m u la t i o n  o f  
e l e c t r o o s m o s is .  2 7 1 0  

W e l l s ,  C . F .  A s s o c ia t i o n  o f  p r o t o n s  w i t h  
o x y g e n - c o n t a i n i n g  m o le c u le s  in  a q u e o u s  
s o lu t io n s .  I V .  E s t e r s .  1 9 9 4  

W e l ls ,  C . F .  A s s o c ia t i o n  o f  p r o t o n s  w i t h  
o x y g e n - c o n t a i n i n g  m o le c u le s  in  a q u e o u s  
s o lu t io n s .  V .  D e t e r m in a t i o n  o f  th e  
p r o t o n a t i o n  e q u i l i b r i u m  c o n s t a n t  f r o m  
k i n e t i c  m e a s u r e m e n t s .  1 9 9 7  

W e n ,  W . Y .  R a d i a t i o n  c h e m i s t r y  o f  p o l y e 
t h y le n e .  X I I .  A l k y l  r a d i c a l  d e c a y  a n d  
a m o r p h o u s  c o n t e n t .  2 1 7 4  

W e n d o r f f ,  J .  H .  T r a n s i t i o n s  i n  m e s o p h a s e  
f o r m i n g  s y s te m s .  V .  K in e t i c s  o f  t r a n s =  
f o r m a t i o n  a n d  p r o p e r t i e s  o f  c h o le s t e r y l  
s t e a r a t e .  2 3 4 2

W e r n e r ,  T .  C . R e l a t i o n  b e t w e e n  a n  e x c i t e d  
s t a t e  g e o m e t r y  c h a n g e  a n d  th e  s o lv e n t  
d e p e n d e n c e  o f  9 - m e t h y l  a n t h r o a t e  
f lu o r e s c e n c e .  1 6 1 1

W e s le y ,  R .  D .  I n f r a r e d  s p e c t r a  a n d  g e o m e  =  
t r i e s  o f  m a t r i x  i s o la t e d  y t t r i u m  t r i -  a n d  
d i f l u o r i d e s .  4 6 6

W e s t ,  R .  N e w  a r o m a t i c  a n io n s .  I X .  A n io n  
r a d i c a l s  o f  th e  m o n o c y c l i c  o x o c a r b o n s .  
2 6 5 2

W e s to n ,  R .  E .  J r .  K in e t i c  i s o to p e  e f f e c t s  in  
r e a c t i o n s  o f  h o t  m e t h y l  r a d i c a l s  w i t h  
h y d r o g e n .  2 2 5 7

W e t t e r m a r k ,  G .  C N D O  [ c o m p le t e  n e g le c t  
o f  d i f f e r e n t i a l  o v e r l a p ]/2 c a l c u l a t i o n  o n  
t h e  h e l i c a l  c o n f o r m a t io n s  o f  a  t e t r a p e p =  
t i d e  o f  p o l y - i . - a l a n i n e .  V .  c - i p  E n e r g y  
s u r f a c e .  3 0 3 3

W h e e le r ,  J .  E le c t r o c h e m i c a l  a n d  s p e c t r o =  
s c o p ic  s t u d ie s  o f  c a t i o n  r a d i c a l s .  I I .  
A n i l i n i u m - ~ y p e  r a d i c a l  io n  a n d  b e n z id in e  
d i c a t i o n  v i s i b l e  s p e c t r a .  2 4 9 0  

W h id b y ,  J .  F .  I n v e s t i g a t i o n  o f  s p e c i f i c  a c id  
c a t a l y s i s  b y  s u b s t i t u t e d  a c e t i c  a c id s  o n  
t h e  p r o t o n  e x c h a n g e  o f  N , N ' - d i m e t h y lu =  
r e a  b y  n u c le a r  m a g n e t i c  r e s o n a n c e .  2 9 9 9  

W h i t e ,  D .  I n f r a r e d  s p e c t r a  o f  th e  a lu m in u m  
f a m i l y  s u b o x id e s .  C o m m e n t s .  2 9 2 9  

W h i t e ,  J .  M .  P h o t o c h e m i s t r y  o f  m e t h a n e t h =  
i o l  a t  2 5 4  a n d  2 1 4  n m .  2 9 5  

W h it e h e a d ,  H .  C . I n t e r p r e t a t i o n  o f  t h e  K d  
x - r a y  e m is s io n  s p e c t r a  o f  d i b e n z v l  
s u l f i d e  a n d  m o l e c u l a r  s u l f u r  (S 8 h  721  

W h i t t e n .  D .  G . E x c i t e d - s t a t e  c h e m i s t r y  o f  
i n d i g o id  d y e s .  I I I .  I n t e r a c t i o n  o f  in d ig o  
a n d  t h i o i n d i g o  w i t h  t i n  ( I V )  t e t r a p h e n y l t =  
e t r a h y d r o p o r p h y r i n  t r i p l e t s .  P h o to s e n s i  =  
t i z e d  i s o m e r i z a t i o n  o f  t h i o i n d i g o .  2 5 8 4  

W id m a n ,  R .  P  G a s - p h a s e  r e c o m b in a t i o n  
o f  c h l o r i n e  a t o m s .  1 3 2 5  

W id o m ,  B .  T r i c r i t i c a l  p o in t s  i n  t h r e e -  a n d  
f o u r - c o m p o n e n t  f l u i d  m i x t u r e s .  2 1 9 6  

W i g h t m a n ,  J .  P .  E le c t r o n  s p e c t r o s c o p y  f o r  
c h e m i c a l  a n a l y s i s  s t u d y  o f  le a d  a d s o r b e d  
o n  m o n t m o r i l l o n i t e .  1 9 2 4  

W i l d ,  R .  E .  E f f e c t  o f  c o m p le x  f o r m a t i o n  o n  
t h e  r e a c t i o n s  o f  p o s i t r o n i u m  a t o m s  w i t h  
i n o r g a n i c  io n s .  1 7 8

W i l f ,  J .  H y d r o p h o b i c  i n t e r a c t i o n  in  l i g h t  
a n d  h e a v y  w a t e r .  9 5

W i l h o i t ,  R .  C . T h e r m o d y n a m i c  p r o p e r t i e s  
o f  c o n f o r m a l  m i x t u r e s  c a l c u la t e d  f r o m  
t h e  h a r d - s p h e r e  e q u a t io n  o f  s t a t e .  2212 

W i l k i n s ,  R .  L .  M o n t e  C a r l o  c a l c u l a t i o n s  o f  
r e a c t i o n  r a t e s  a n d  e n e r g y  d i s t r i b u t i o n  
a m o n g  r e a c t i o n  p r o d u c t s ,  f l u o r i n e  +  
h y d r o g e n  d e u t e r i d e  —  h y d r o g e n  f l u o r i d e  +  
d e u t e r i u m  a n d  f l u o r i n e  +  h y d r o g e n  
d e u t e r i d e  —► d e u t e r i u m  f l u o r i d e  +  h y d r o =  
g e n .  3 0 8 1

W i l k i n s o n ,  M .  C . P r o p e r t i e s  o f  c e r t a i n
f o u r - p h a s e  o i l - w a t e r - s o l i d - v a p o r  c o n f i g u =  
r a t i o n s .  I .  S t a b i l i t y  o f  a  f o u r - p h a s e  
c o n t a c t  l i n e .  3 1 8

W i l l a r d ,  J .  E .  R e a c t i o n s  o f  i o d in e  e x c i t e d  
w i t h  1 8 5 - n m  r a d i a t i o n .  I I I .  R e a c t io n s  
w i t h  h y d r o g e n ,  m e t h a n e ,  t r i f l u o r o m e t h =  
a n e ,  f lu o r o m e t h a n e ,  c h lo r o m e t h a n e ,  a n d  
o x y g e n .  M e c h a n i s t i c  t e s t s .  1 5 8 5  

W i l l a r d ,  J .  E .  S ta b le  p r o d u c t  y i e l d s  f r o m  
t h e  7- i r r a d i a t i o n  o f  3 - m e t h y l p e n t a n e - h !4 
g la s s ,  l i q u i d ,  a n d  g a s  a n d  3 - m e t h y lp e n  = 
t a n e - d i4 g la s s .  2 8 6 4

W i l l a r d ,  J .  E .  P r o d u c t i o n  o f  t r a p p e d  e le c  =  
t r o n s  i n  g la s s y  3 - m e t h y lp e n t a n e  b y  
p h o t o io n iz a t i o n  o f  s o d iu m .  2 1 7 1  

W i l l i a m s ,  D .  G . P h o t o c h e m i c a l l y  in d u c e d  
r e a c t i o n s  i n  a  c h lo r i n e - o z o n e  s y s t e m  a t  
- 1 0 . 5  a n d  0 .0 ° .  2 5 1 5  

W i l l i a m s ,  J .  F r e s s u r e - j u m p  r e l a x a t i o n  
k i n e t i c s  o f  " h e  c o m p l e x a t io n  o f  n i c k e l ( I I )  
t h io c y a n a t e  i n  m e t h a n o l .  1 3 0  

W i l l i a m s ,  J .  L .  R e l a t i v e  r e a c t i v i t i e s  o f
c a r b o n - c a r b o n  s in g le  b o n d s  i n  n o r m a l i z e d  
r e c o i l  t r i t i u m  s y s t e m s .  2 4 6 4  

W i l l i a m s ,  R .  L .  H y d r o g e n  a t o m  a b s t r a c t i o n  
b y  f l u o r i n e  a t o m s .  3 0 1  

W in e f o r d n e r ,  J .  D .  S u b s t i t u e n t  e f f e c t s  o n  
e x c i t e d - s t a t e  a c i d i t i e s  o f  s o m e  s u b s t i t u t e d  
8- h y d r o x y q u i n o l i n i u m  c a t i o n s .  1 5 9 5  

W in z o r ,  D .  J .  T h e o r e t i c a l  g e l  c h r o m a t o 
g r a p h i c  b e h a v i o r  o f  i r r e v e r s i b l y  i s o m e r i z =  
i n g  s y s t e m s  s u b je c t  t o  k i n e t i c  c o n t r o l .
3 5 2

W i n z o r ,  D .  J .  I n t e r p r e t a t i o n  o f  m i g r a t i o n  
p a t t e r n s  f o r  i n t e r a c t i n g  m i x t u r e s  o f  
r e a c t a n t s  t h a t  t r a v e l  i n  o p p o s i t e  d i r e c  =  
t io n s .  2 9 1 2

W i t z ,  G . H y d r o p h o b i c  f lu o r e s c e n c e  p r o b e  
s t u d ie s  w i t h  p o l y - L - l y s i n e .  6 4 8  

W o ld ,  L .  E .  J r .  S h a p e  o f  t h e  c o e x is t e n c e  
c u r v e  o f  t e r n a r y  l i q u i d  m i x t u r e s  n e a r  th e  
p l a i t  p o in t .  1 5 7 2

W o l f f ,  H .  H y d r o g e n  b o n d in g  a n d  F e r m i  
r e s o n a n c e  o f  a n i l i n e .  2 0 8 1  

W o l f f ,  R .  K .  F l a d i o l y t i c  y i e l d s  o f  h y d r a t e d  
e le c t r o n s  a t  3 0  t o  1 0 0 0  p ic o s e c o n d s  a f t e r  
e n e r g y  a b s o r p t io n .  4 2 5  

W o l f f ,  R .  K .  P ic o s e c o n d  p u ls e  r a d io l y s i s .
I V .  Y ie l d  o f  th e  s o lv a t e d  e le c t r o n  a t  3 0  
p ic o s e c o n d s .  1 3 5 0

W o l t e r m a n n ,  G . M .  C h e m ic a l  e x c h a n g e  
s p in  d e c o u p l i n g  i n  t h e  n u c le a r  m a g n e t i c  
r e s o n a n c e  s p e c t r a  o f  h e x a m e t h y lp h o s p h o ^  
r a m i d e - m e t a l  h a l i d e  s o lu t io n s .  1 8 9



18A J. Phys. Chem., Vol. 77, 1973 AUTHOR IN D EX

W o lt e r m a n n ,  G .  M .  E le c t r o n  s p in  r e s o n a n c e  
s p e c t r a  o f  m a n g a n e s e  ( I I  i n  f i v e  i s o =  
m o r p h i c  h o s t  l a t t i c e s  o f  h e x a k is a n t ip y r i n e  
m e t a l  p e r c h lo r a t e s .  9 4 5  

W o n g ,  D .  L .  M o d e r a t i o n  o f  p h o t o c h e m i c a l l y  
p r o d u c e d  h o t  d e u t e r i u m  a t o m s .  1 3 1 9  

W7o n g ,  M .  M .  C h e m ic a l  r e l a x a t i o n  o f  a q u e  =  
o u s  r h o d a m in e  B .  1 3 1 7  

W o o d ,  R .  H .  H e a t s  o f  m i x i n g  o f  a q u e o u s  
e l e c t r o l y t e s .  X .  L i t h i u m  c h l o r i d e  w i t h  
c e s iu m  c h l o r i d e  a n d  t e t r a b u t y l a m m o n i u m  
c h l o r i d e  w i t h  p o t a s s iu m  c h l o r i d e  a t  lo w  
c o n c e n t r a t io n s .  2 1 3 7  

W o o d ,  R .  H .  E n t h a l p i e s  o f  d i l u t i o n  o f  
t e t r a - n - a l k y l a m m o n i u m  b r o m id e s  i n  
w a t e r  a n d  h e a v y  w a t e r .  2 3 9 0  

W o o l le y ,  E .  M .  C o m p le x  s o l u b i l i t y  o f  s i l v e r  
b r o m i d e  i n  e t h a n o l - w a t e r ,  m e t h a n o l - w a =  
t e r ,  a c e t o n e - w a t e r ,  a n d  c i o x a n e - w a t e r  
m i x t u r e s .  2 5 6 4

W o r k ,  R .  A .  I I I .  F a r - i n f r a r e d  s t u d y  o f  th e  
a s s o c ia t i o n  o f  b e n z o ic  a c id  w i t h  s u b s t i t u t ^  
e d  a m m o n i u m  h a l id e s  in  b e n z e n e .  1 1 4 8  

W r ig h t o n ,  M .  Q u e n c h in g  o f  th e  lu m in e s c e n t  
s t a t e  o f  t r i s ( 2 , 2 ' - b i p y r i d i n e ) r u t h e n i u m  ( I I )  
b y  e l e c t r o n i c  e n e r g y  t r a n s f e r .  3 0 4 2  

W u ,  C . H .  R e a c t i o n  o f  n i t r o g e n  d io x id e  
w i t h  o z o n e .  2 5 0 7

W u ,  C . H .  K in e t i c s  o f  g a s - p h a s e  r e a c t i o n s  
o f  o z o n e  w i t h  s o m e  o le f in s .  2 5 1 1  

W y m a n ,  G . M .  E x c i t e d  s t a t e  c h e m i s t r y  o f  
i n d i g o id  d y e s .  I .  F lu o r e s c e n c e  v e r s u s  
c i s - t r a n s  i s o m e r i z a t i o n .  8 3 1  

W y m a n ,  G . M .  E x c i t e d  s t a t e  c h e m i s t r y  o f  
i n d i g o id  d y e s .  I I .  I n t e r a c t i o n  o f  t h i o -  
a n d  s e le n o in d ig o  d y e s  w i t h  h y d r o x y l i c  
c o m p o u n d s  a n d  i t s  i m p l i c a t i o n s  o n  th e  
p h o t o s t a b i l i t y  o f  i n d ig o .  1 2 0 4  

W y m a n ,  G . M .  E x c i t e d - s t a t e  c h e m i s t r y  o f  
i n d i g o id  d y e s .  I I I .  I n t e r a c t i o n  o f  i n d ig o  
a n d  t h i o i n d i g o  w i t h  t i n ( I V )  t e t r a p h e n y l t =  
e t r a h y d r o p o r p h y r i n  t r i p l e t s .  P h o to s e n s i=  
t i z e d  i s o m e r i z a t i o n  o f  t h i o i n d ig o .  2 5 8 4  

Y a a c o b i ,  M .  H y d r o p h o b i c  i n t e r a c t i o n  in  
l i g h t  a n d  h e a v y  w a t e r .  9 5  

Y a b s le y ,  M .  A . B i n a r y  d i f f u s i o n  c o e f f i c i e n t s  
f o r  t h e  s y s t e m  h e l i u m - c h l o r o t r i f l u o r o =  
m e t h a n e  a t  3 0 0 ° K  a n d  1 a t m o s p h e r e .
T e s t  o f  th e  C h a p m a n - E n s k o g  t h e o r y .
7 0 3

Y a m a b e ,  T .  S e m i e m p i r i c a l  u n r e s t r i c t e d  
H a r t r e e - F o c k  t r e a t m e n t  f o r  t r a p p e d  
e le c t r o n s  i n  w a t e r ,  a m m o n ia ,  a n d  h y d r o =  
g e n  f l u o r i d e .  1 4 5 0

Y a m a o k a ,  H .  M e t h y l  m e t h a c r y l a t e  in  
- y - i r r a d ia t e d  o r g a n i c  g la s s e s  a t  7 7 ° K .
1 1 6 3

Y a n a g id a ,  R .  Y .  C r y s t a l l o g r a p h i c  s t u d y  o f  
th e  s t r u c t u r e  o f  a  p a r t i a l l y  f i l l e d  a m m o n ia  
s o r p t i o n  c o m p le x  o f  z e o l i t e  4 A .  1 3 8  

Y a n a g id a ,  R .  Y .  R e d e t e r m i n a t i o n  o f  th e  
c r y s t a l  s t r u c t u r e  o f  d e h y d r a t e d  z e o l i t e  
4 A .  8 0 5

Y a n a g id a ,  R .  Y .  R e d e t e r m i n a t i o n  o f  th e  
c r y s t a l  s t r u c t u r e  o f  d e h y d r a t e d  z e o l i t e  
4 A .  ( C o r r e c t i o n ) .  3 1 2 4  

Y a n g ,  N - L .  P h o t o c h e m ic a l  a n d  f lu o r e s c e n c e  
p r o p e r t i e s  o f  a n t h r a c e n e  r a d i c a l  c a t io n .  
2 1 5 9

Y a s u n a g a ,  T .  K i n e t i c  s t u d ie s  o f  d i s s o c ia t i o n  
a n d  r e c o m b i n a t i o n  r e a c t i o n  i n  a q u e o u s  
s o lu t io n s  o f  d i c a r b o x y l i c  a c id s  b y  m e a n s  
o f  u l t r a s o n i c  a b s o r p t i o n  m e a s u r e m e n t s .  
2 0 3 1

Y e a g e r ,  H .  L .  S p e c t r o s c o p ic  s t u d ie s  o f  
io n i c  s o l v a t i o n  i n  p r o p y le n e  c a r b o n a t e .  
2 4 0 7

Y e a g e r ,  H .  L .  C o n d u c t a n c e  s t u d y  o f  1 -1  
e l e c t r o l y t e s  i n  p r o p y le n e  c a r b o n a t e .
3 0 8 9

Y e o ,  K .  O . U s e  o f  th e  n o n p o la r  a n a lo g
m o d e l  i n  p r e d i c t i n g  t h e  e f f e c t s  o f  s o lv e n t s  
o n  m o l e c u l a r  c o m p le x  f o r m a t i o n  e q u i l i ^  
b r i u m s .  8 1 3

Y o s h id a ,  M .  R a d i a t i o n - i n d u c e d  h o m o ly t i c  
a r o m a t i c  s u b s t i t u t io n .  I .  H y d r o x y l a t i o n  
o f  n i t r o b e n z e n e ,  c h lo r o b e n z e n e ,  a n d  
t o l u e n e .  5 8 9

Y o s h io k a ,  K .  E l e c t r i c  b i r e f r i n g e n c e  o f  
p o t a s s i u m  p o l y  ( s t y r e n e s u l f o n a t e )  i n  
a q u e o u s  s o lu t i o n  a s  a  f u n c t i o n  o f  m o le c u =  
l a r  w e i g h t ,  c o n c e n t r a t io n ,  a n d  f i e l d  
s t r e n g t h .  2 1 0 1

Y u ,  T - Y .  I o n - m o l e c u l a r  r e a c t i o n s  i n  m o n o s i  =  
l a n e - m e t h a n e  m i x t u r e s .  2 5 8 7  

Y u e n ,  J .  E f f e c t  o f  p h o t o io n iz a t i o n  e n e r g y  
o n  th e  d is t a n c e  d i s t r i b u t i o n  b e t w e e n  
t r a p p e d  e le c t r o n s  a n d  N , N , N ' , N ' - t e t r a  =  
m e t h y l - p - p h e n y l e n e d i a m in e  c a t io n s  in  
o r g a n i c  g la s s e s .  3 0 3 5  

Y u n g ,  D .  S i m i l a r i t y  c o n s id e r a t i o n s  in  
f a c i l i t a t e d  t r a n s p o r t .  2 2C 1

Z a g a r i ,  A .  I n t e r a c t i o n  b e t w e e n  A c r id i n e  
O r a n g e  a n d  p o l y ( s t y r e n e s u l f o n ic  a c id ) .
2 0 4

Z a h r a d n ik ,  R .  T h e o r e t i c a l  s t u d y  o f  s i n g le t —  
t r i p l e t  a n d  t r i p l e t - t r i p l e t  s p e c t r a .  I .  
S e le c t io n  o f  p a r a m e t e r s  a n d  th e  b a s is  o f  
c o n f i g u r a t i o n  i n t e r a c t i o n  in  c lo s e d  s h e l l  
a n d  r e s t r i c t e d  o p e n  s h e l l  s e m i e m p i r i c a l  
m e th o d s .  1 0 7

Z a h r a d n ik ,  R .  T h e o r e t i c a l  s t u d y  o f  s i n g le t —  
t r i p l e t  a n d  t r i p l e t - t r i p l e t  s p e c t r a .  I I .  
C o n ju g a t e d  h y d r o c a r b o n s .  1 1 4  

Z a h r a d n ik ,  R .  T h e o r e t i c a l  s t u d y  o f  t r a n s i t  
t i o n s  f r o m  t h e  f i r s t  t o  h i g h e r  e x c i t e d  
s i n g le t  s t a t e s .  1 2 1

Z a i d i ,  Z .  H .  M o l e c u l a r  o r b i t a l  c a l c u la t i o n s  
o f  t h e  e l e c t r o n i c  s p e c t r a  o f  a r o m a t i c  
h y d r o c a r b o n  m o n o n e g a t i v e  io n s .  1 8 1 4  

Z a m b o n in ,  P .  G . R e d o x  m e c h a n i s m s  in  a n  
i o n ic  m a t r i x .  I I I .  K in e t i c s  o f  th e  r e a c t i o n  
n i t r i t e  io n  +  m o l e c u l a r  o x y g e n  =  n i t r a t e  
io n  i n  m o l t e n  a l k a l i  n i t r a t e s .  1 8 1 0  

Z a n a ,  R .  U l t r a s o n i c  a b s o r p t i o n  i n  a q u e o u s  
s o lu t i o n s  o f  n u c le o t id e s  a n d  n u c le o s id e s .
I .  E f f e c t  o f  p H  a n d  c o n c e n t r a t io n .  2 3 2 9  

Z a r n e g a r ,  B .  M .  E x c i t e d  s t a t e  c h e m i s t r y  o f  
i n d ig o id  d y e s .  I .  F lu o r e s c e n c e  v e r s u s  
c i s - t r a n s  i s o m e r i z a t i o n .  8 3 1  

Z a r n e g a r ,  B .  M .  E x c i t e d  s t a t e  c h e m i s t r y  o f  
i n d i g o id  d y e s .  I I .  I n t e r a c t i o n  o f  t h i o -  
a n d  s e le n o in d ig o  d y e s  w i t h  h y d r o x y l i c  
c o m p o u n d s  a n d  i t s  i m p l i c a t i o n s  o n  th e  
p h o t o s t a b i l i t y  o f  in d ig o .  1 2 0 4  

Z a r n e g a r ,  B .  M .  E x c i t e d - s t a t e  c h e m i s t r y  
o f  i n d i g o id  d y e s .  I I I .  I n t e r a c t i o n  o f  
i n d ig o  a n d  t h i o i n d i g o  w i t h  t i n  ( I V )  
t e t r a p h e n y l t e t r a h y d r o p o r p h y r i n  t r i p l e t s .  
P h o t o s e n s i t i z e d  i s o m e r i z a t i o n  o f  t h i o i n d i =  
g o .  2 5 8 4

Z a u g g ,  H .  E .  I o n  a g g r e g a t e - s o l v e n t  i n t e r a c t  
t i o n  s t u d ie d  b y  n u c le a r  m a g n e t i c  r e s o =  
n a n c e .  1 0 3 8

Z e e g e r s - H u y s k e n s ,  T h .  E n e r g y  p a r a m e t e r s  
a n d  c h a r g e - t r a n s f e r  s p e c t r a  o f  t h e  c o m  =  
p le x e s  o f  b r o m i n e  w i t h  s u b s t i t u t e d  
p y r i d i n e s .  1 6 6 2

Z e ld e s ,  H .  E le c t r o n  s p in  r e s o n a n c e  s t u d y  o f  
l i q u i d s  d u r i n g  p h o t o l y s is .  X V .  S u b s t i=  
t u t e d  p y r i d i n e s .  2 0 7 6  

Z e l l e r ,  E .  J .  E le c t r o n  p a r a m a g n e t i c  r e s o =  
n a n c e  s t u d y  o f  h y d r o g e n  a t o m s  t r a p p e d  
i n  7- i r r a d i a t e d  l i t h i u m  p h o s p h a te s .
2 6 2 2

Z e t t le m o y e r ,  A .  C . P r o p e r t i e s  o f  c e r t a i n
f o u r - p h a s e  o i l - w a t e r - s o l i d - v a p o r  c o n f i g u =  
r a t i o n s .  I .  S t a b i l i t y  o f  a  f o u r - p h a s e  
c o n t a c t  l i n e .  3 1 8

Z e t t le m o y e r ,  A .  C . W a t e r  o n  s i l i c a  a n d
s i l i c a t e  s u r f a c e s .  I .  P a r t i a l l y  h y d r o p h o =  
b ic  s i l i c a s .  1 4 5 8

Z e t t le m o y e r ,  A .  C . W a t e r  o n  s i l i c a  a n d
s i l i c a t e  s u r f a c e s .  I .  P a r t i a l l y  h y d r o p h o =  
b ic  s i l i c a s .  ( C o r r e c t i o n ) .  3 1 2 4  

Z i m b r i c k ,  J .  D .  E le c t r o n  p a r a m a g n e t i c  
r e s o n a n c e  s t u d y  o f  h y d r o g e n  a to m s  
t r a p p e d  i n  y - i r r a d i a t e d  l i t h i u m  p h o s p =  
h a t e s .  2 6 2 2

Z ip p ,  A .  P r e s s u r e  d e p e n d e n c e  o f  w e a k  a c id  
i o n i z a t i o n  in  a q u e o u s  b u f f e r s .  2 6 8 7  

Z ip p ,  A .  P .  C o n d u c t a n c e  o f  1 - 1  e le c t r o l y t e s  
i n  s u l f o la n e  a n d  3 - m e t h y l s u l f o l a n e  a t  
3 0 .0 ° .  7 1 8

Z is m a n ,  W . A .  S u r f a c e - c h e m ic a l  p r o p e r t i e s  
o f  h i g h l y  f l u o r i n a t e d  c o m p o u n d s  c o n t a i n ^  
i n g  o x y g e n  in  th e  a l i p h a t i c  c h a in .  2 3 2 4  

Z w o l i n s k i ,  B . J .  T h e r m o d y n a m i c  p r o p e r t i e s  
o f  c o n f o r m a l  m i x t u r e s  c a l c u l a t e d  f r o m  
th e  h a r d - s p h e r e  e q u a t i o n  o f  s t a t e .  2 2 1 2
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A b s o r b e d  h y d r o g e n  p a l l a d iu m  2 6 2 8  
A b s o r p t i o n  c r o s s  s e c t io n  n i t r i c  a c id  62  
A b s o r p t i o n  h y d r o g e n  r h o d i u m  a l l o y  3 5  
A b s o r p t io n  l a n t h a n id e  a c t i n i d e  c o m p le x  

1 5 2 8
A b s o r p t i o n  m i c r o w a v e  a d s o r b e d  c h l o r o m e t h =  

a n e  1 3 8 9
A b s o r p t io n  o p t i c a l  s e m iq u in o n e  r a d i c a l  

2 2 7 4
A b s o r p t i o n  s p e c t r a  g l y c o l  r a d i o l y s i s  16  
A b s o r p t i o n  s p e c t r a  is o t o p e  e f f e c t  1 9 0 0  
A b s t r a c t i o n  h y d r o g e n  a le  h y d r o x y l  1 2 1 8  
A b s t r a c t i o n  h y d r o g e n  a l k a n e  p h o t o l y s is  

2 3 6 5
A b s t r a c t i o n  h y d r o g e n  f l u o r i n e  a t o m  3 0 1  
A b s t r a c t i o n  h y d r o g e n  i r r a d n  b r o m o m e t h a n e  

2 2 5 7
A b s t r a c t i o n  h y d r o g e n  m e t h y l  r a d i c a l  2 0 6 6  
A b s t r a c t i o n  h y d r o g e n  t o lu e n e  b e n z y l  9 8 3  
A b s t r a c t i o n  r e a c t i o n  h y d r o g e n  m e th a n e  

2 4 9 9
A b s t r a c t i o n  u n s a t d  a le  r a d i c a l  2 6 6 2  
A c c e p t o r  d o n o r  s o d iu m  c y a n o e t h y le n e  2 4 3 4  
A c e t a t e  a l l y l  p l a t i n u m  c o m p le x  e le c t r o d e  

1 4 1 1
A c e ta te  c h o le s t e r y l  s p h e r u l i t e  g r o w t h  3 9 6  
A c e t a t e  h a l id e  s i l v e r  s o ly  1 
A c e t a t e  s a l t  s o ln  i r r a d n  1 7 1  
A c e t a t e  z in c  i r r a d n  s p e c t r a  6 2 9  
A c e t i c  a c id  a s s o c n  s p e c t r a  2 5 6  
A c e t i c  a c id  d i m e t h y lu r e a  e x c h a n g e  2 9 9 9  
A c e t i c  a c id  e l e c t r o n  r e a c t i o n  2 5 2 7  
A c e t i c  a c id  h y d r o g e n  b o n d in g  2 2 9 5  
A c e to n e  a d s o r p t i o n  m a g n e s iu m  o x id e  I R  

1 41
A c e to n e  c h l o r o f o r m  c o m p le x  e n t h a lp y  2 3 9 7  
A c e to n e  c l a t h r a t e  h y d r a t e  d ie le c  2 9 6 9  
A c e to n e  e le c t r o n  r e a c t i o n  r a d i o l y s i s  2 5 2 7  
A c e to n e  n i t r o b e n z e n e  k e t o n e  a c t i v i t y  5 2 7  
A c e to n e  s o ly  s i l v e r  b r o m i d e  2 5 6 4  
A c e to n e  w a t e r  m a g n e s iu m  s o l v a t i o n  1 2 9 4  
A c e t o n i t r i l e  c o m p l e x  c o n t a c t  s h i f t  6 3 4  
A c e t o n i t r i l e  D M F  m e t h y l  s u l f o x id e  1 
A c e t o n i t r i l e  h y d r o g e n  b o n d  s o l v e n t  5 2 7  
A c e t o n i t r i l e  h y d r o g e n  b o n d in g  2 7 7 9  
A c e t o n i t r i l e  m e t h a n o l  a c t i v i t y  io d a t e  5 2 3  
A c e t o n i t r i l e  m i x t  k e to n e  c r y s t a l l o l u m i n e s =  

c e n c e  2 1 6 5
A c e t o n i t r i l e  p e r c h l o r i c  a c id  i n t e r a c t i o n  1 9 1 4  
A c e t o n i t r i l e  t e t r a c y a n o n i t r i l e  c h a r g e  t r a n s f e r  

c o m p le x  2 5 2 0
A c e t o n i t r i l e  w a t e r  b u f f e r  a c i d i t y  2 6 8 1  
A c e t o n i t r i l e  z e o l i t e  R a m a n  2 2 2  
A c e t o p h e n o n e  d e r i v  e l e c t r o n i c  s p e c t r a  1 7 5 8  
A c e to p h e n o n e  d ie le c  r e l a x a t i o n  m i c r o w a v e  

7 1 4
A c e t y l  g a s  r a d i c a l  E S R  1 3 9  
A c e t y l a c e t o n a t e  d ie l e c  r e l a x a t i o n  1 0 7 3  
A c e t y l c y s t e in e  c o m p le x  m e t h y l m e r c u r y  

P M R  2 2 8 2
A c e t y le n e  a d s o r p t i o n  z e o l i t e  c r y s t a l  c e l l  

2 3 6 4
A c e t y le n e  p r o d n  2 5 9 8  
A c e t y le n e  z e o l i t e  c o m p le x  s t r u c t u r e  9 0 6  
A c e t y l l e c i t h i n  s o ln  d ie le c  c h a r a c t e r i z a t i o n  

2 3 8 3
A c e t y l p y r r o l e  N M R  t e m p  p o le m ic  5 6 7  
A c id  a c e t i c  h y d r o g e n  b o n d in g  2 2 9 5  
A c id  a l ip h  e s t e r  p h o t o l y s is  d e c a r b o x y l a t i o n  

1 4 8 2
A c id  a m in o  d ip o le  m o m e n t  2 1 9 1
A c id  b a s e  r e a c t i o n  k i n e t i c s  2 0
A c id  e f f e c t  p o l y g l u t a m a t e  o r i e n t a t i o n  2 9 2 5
A c id  g a m m a  r a d i o l y s i s  e l e c t r o n  2 5 2 7
A c id  m a lo n i c  r a d i c a l  E S R  2 0 5 5
A c id  n i t r i c  v a p o r  U V  62
A c id  p e r c h l o r i c  a c e t o n i t r i l e  i n t e r a c t i o n  1 9 1 4  
A c id  s u l f u r i c  p u ls e  r a d i o l y s i s  2 1 5 6  
A c id  t h e o r y  e le c t r o n  b o n d  3 0 0 2  
A c id  w e a k  io n i z a t i o n  p r e s s u r e  2 6 8 7  
A c i d i t y  a c e t o n i t r i l e  w a t e r  b u f f e r  2 6 8 1  
A c i d i t y  a l u m i n a  s u r f a c e  1 2 3 2  
A c i d i t y  h y d r o x y q u i n o l i n i u m  e x c i t e d  s t a t e  

1 5 9 5
A c r id i n e  O r a n g e  m e t a c h r o m a s ia  1 9 2 2  
A c r id i n e  O r a n g e  p o l y e l e c t r o l y t e  i n t e r a c t i o n  

2 0 4

A c r o l e i n  z e o l i t e  R a m a n  2 2 2  
A c r y l i c  a c id  r a d i c a l  E S R  2 7 3 9  
A c r y l i c  m o n o m e r  p h o t o p o l y m n  2 7 2 0  
A c r y l o n i t r i l e  a m in o  r o t a t i o n  4 1 9  
A c r y l o n i t r i l e  i n h i b i t o r  o x a la t e  p e r o x y d i s u l f a t e  

r e a c t i o n  1 2 6 5
A c r y l o n i t r i l e  p o l y m e r  E S R  a q u a  c o m p le x  

1 3 7 8
A c t i n i d e  o x id n  p o t e n t ia l  1 5 2 8  
A c t i n i d e  s e r ie s  s t d  o x id n  p o t e n t ia l  1 5 2 8  
A c t i v a t e d  c a r b o n  a d s o r p t i o n  8 0 9  
A c t i v a t i o n  e n e r g y  r o t a t i o n  p o l y s t y r e n e  1 6 3 5  
A c t i v a t i o n  f r e e  e n e r g y  i o n  d e h y d r a t i o n  1 2 4 5  
A c t i v i t y  e l e c t r o l y t e  p e r m s e l e c t i v i t y  m e m =  

b r a n e  9 2
A c t i v i t y  e l e c t r o l y t e  p o l y e l e c t r o l y t e  2 7 9 0  
A c t i v i t y  io d a t e  m e t h a n o l  a c e t o n i t r i l e  5 2 3  
A c t i v i t y  io n  e x c h a n g e  s e l e c t i v i t y  2 1 2 8  
A c t i v i t y  l a u r y l a m m o n i u m  h a l o f e r r a t e  5 1 6  
A c t i v i t y  l i q  j u n c t i o n  p o t e n t ia l  1 5 4 0  
A c t i v i t y  m e t h a n o l  b e n z o ic  a c id  5 2 7  
A c t i v i t y  m o b i l i t y  io n  p o l y e l e c t r o l y t e  2 9 9 5  
A c t i v i t y  s i l v e r  b r o m id e  s o l v e n t  e f f e c t  2 5 6 4  
A c t i v i t y  s o d iu m  s u l f a t e  s o ln  1 5 9 4  
A c t i v i t y  s t r o n g  e l e c t r o l y t e  2 3 0 0  
A c y l  g a s  r a d i c a l  E S R  1 3 9  
A d d i t i v i t y  h e a t  f o r m a t i o n  o r g  c o m p d  1 6 8 7  
A d d n  h y d r o x y l  u n s a t d  a le  2 6 6 2  
A d d n  s u l f i n a t e  a c r y l i c  m o n o m e r  2 7 2 0  
A d d u c t  e l e c t r o n  a c r y l i c  a c id  2 7 3 9  
A d s o r b e d  c h lo r o m e t h a n e  m i c r o w a v e  a b s o r p =  

t i o n  1 3 8 9
A d s o r b e d  i o n i c  o r g  m o l  p h o s p h o r e s c e n c e  

9 0 2
A d s o r b e d  le a d  b o n d in g  m o n t m o r i l l o n i t e  

1 9 2 4
A d s o r b e d  m e t h a n o l  s i l i c a  d e u t e r o n  r e s o n a n c e  

2 8 4 7
A d s o r b e d  o x y g e n  z e o l i t e  E S R  1 6 0 6  
A d s o r b e d  o z o n e  c h a r g e  t r a n s f e r  5 5 6  
A d s o r b e d  r a d i c a l  s i l i c a  E S R  4 5 3  
A d s o r p t i o n  a c e to n e  m a g n e s iu m  o x id e  I R  

1 4 1
A d s o r p t i o n  a c e t y le n e  z e o l i t e  c r y s t a l  c e l l  

2 3 6 4
A d s o r p t i o n  a m m o n i a  c o p p e r  z e o l i t e  6 6 3  
A d s o r p t i o n  a m m o n i a  p r o p e n e  e r i o n i t e  2 1 8 3  
A d s o r p t i o n  b e n z e n e  c y c lo h e x a n e  d e u t e r i u m  

2 7 8 3
A d s o r p t i o n  c a r b o n  d io x id e  s i l i c a  1 0 3  
A d s o r p t i o n  c a r b o n  m o n o x id e  m a g n e s iu m  

o x id e  1 0 1 9
A d s o r p t i o n  g a s  g o ld  f i l m  1 8 4 9  
A d s o r p t i o n  g r a p h i t e  p o t e n t ia l  e n e r g y  6 5 7  
A d s o r p t i o n  h y d r o g e n  s u l f i d e  w a t e r  2 7 0 3  
A d s o r p t i o n  h y d r o g e n  z in c  o x id e  2 6 3 4  
A d s o r p t i o n  i n t e r a c t i o n  e n e r g y  g o ld  1 9 6 9  
A d s o r p t i o n  n i t r o g e n  z in c  o x id e  2 6 4 0  
A d s o r p t i o n  p o l y m e r  s o l v e n t  3 5 6  
A d s o r p t i o n  p o t e n t ia l  t h e o r y  P o l a n y i  8 0 9  
A d s o r p t i o n  s u l f u r  c o m p d  a l u m i n u m  o x id e  

2 5 7 6
A d s o r p t i o n  s u l f u r  c o m p d  s i l i c a  2 5 7 1  
A d s o r p t i o n  w a t e r  s i l i c a  1 4 5 8  
A d s o r p t i o n  z e o l i t e  n i c k e l  2 5 5 6  
A d s o r p t i o n  z e o l i t e  R a m a n  2 2 2  
A e r o s o l  s a l t  o c t a n e  P M R  2 3 8  
A g g r e g a t e  io n  N M R  1 0 3 8  
A g g r e g a t i o n  i r r a d n  k i n e t i c s  m e t h o d  8 5 9  
A la n in e  p h e n y l  N M R  i s o m e r i s m  1 5 0 1  
A la n in e  t e t r a p e p t i d e  c o n f o r m a t io n  e a le n  

3 0 3 3
A le  a q  s o ln  v i s c o s i t y  c o e f f  3 8 1  
A le  h e a t  f o r m a t i o n  a d d i t i v i t y  1 6 8 7  
A le  h y d r o x y l  r a d i c a l  r e a c t i o n  1 2 1 8  
A le  r e a c t i o n  a l u m i n a  s u r f a c e  1 1 2 0  
A le  r e a c t i o n  h y d r o x y l  o x y  2 6 6 2  
A le  r e a c t i o n  s i l i c a  s u r f a c e  3 0 4 8  
A le  s a l t  s o ln  i r r a d n  1 7 1  
A le  s o ln  w a t e r  N M R  1 0 5 6  
A le  s u l f o n y l m e t h y l  p e r c h l o r a t e  s o l v o l y s i s  

1 2 7 1
A ld e h y d e  e n e r g y  e l e c t r o r e d n  p o t e n t ia l  3 3 6  
A ld e h y d e  h e a t  f o r m a t i o n  a d d i t i v i t y  1 6 8 7  
A l i p h  a c id  e s t e r  p h o t o l y s is  d e c a r b o x y l a t i o n  

1 4 8 2
A i k  e a r t h  h a lo m e t h a n e  r e a c t i o n  5 6 9

I K

A l k a l i  c a t io n  a s s o c n  t r i p h e n y l p h o s p h i n e  
o x id e  1 4 2 1

A l k a l i  c h lo r i d e  b e a m  r e a c t i o n  3 0 1 1  
A l k a l i  c h lo r i d e  s o l id  s o ln  t r a n s i t i o n  1 6 9 5  
A l k a l i  h a l id e  w a t e r  s t r u c t u r e  3 0 7 1  
A l k a l i  m e t a l  a m in e  s o ln  s p e c t r a  3 2 3  
A l k a l i  m e t a l  a m m o n ia  R a m a n  1 7 5 3  
A l k a l i  m e t a l  a n t h r a q u in o n e  E P R  7 0 8  
A l k a l i  m e t a l  c h lo r i d e  s o ly  5 3 3  
A l k a l i  m e t a l  f l u o r i d e  c o m p le x  2 1 6  
A l k a l i  m e t a l  f l u o r i d e  s o lv e n t  2 7 9 9  
A l k a l i  m .e ta l  h a l i d e  m e m b r a n e  9 2  
A l k a l i  m .e ta l  h a l i d e  p e r c h l o r a t e  c o n d  3 0 8 9  
A l k a l i  m .e ta l  h y d r o g e n  b o n d  2 6 4 9  
A l k a l i  m .e ta l  io n  d e h y d r a t i o n  t h e o r  1 2 4 5  
A l k a l i  m .e ta l  n i t r i c  o x id e  I R  1 6 4 6  
A l k a l i  m .e ta l  p i c r a t e  c o n d  7 1 8  
A l k a l i  m .e ta l  s o l v a t i o n  c a r b o n a t e  2 4 0 7  
A l k a l i  m e t a l  W a ld e n  p r o d u c t  1 3 1 4  
A l k a l i  n i t r a t e  e m f  g la s s  m e m b r a n e  1 6 7 6  
A l k a l i  n i t r a t e  m a t r i x  I R  3 0 6 7  
A l k a l i  n i t r a t e  p h o s p h a te  r e a c t i o n  2 0  
A l k a l i  w a t e r  h y d r o g e n  i s o to p e  e f f e c t  1 8 4 4  
A lk a n e  b r o m e  d ip o le  r e o r i e n t a t i o n  2 3 2  
A lk a n e  c r a c k i n g  z e o l i t e  1 5 8  
A lk a n e  f i l m  c a t h o d o lu m in e s c e n c e  1 6 1 6  
A lk a n e  g a s  c h a r g e  t r a n s f e r  2 7 5 6  
A lk a n e  h y d r o g e n  a b s t r a c t i o n  p h o t o ly s is  

2 3 6 5
A lk a n e  N M R  r e l a x a t i o n  1 1 3 4  
A lk a n o a t e  c h o le s t e r y l  m e s o m o r p h ic  b e h a v io r  

8 3 7
A l k y l  a m id e  a q  d ie le c  c o n s t  3 7 3  
A l k y l  r a d i c a l  d e c a y  p o l y e t h y le n e  4 0  2 1 7 4  
A l k y l  s u l f a t e  :o n  p a i r  e x t n  2 6 9 4  
A l k y l a m m o n i a m  b r o m id e  h e a t  d i ln  2 3 9 0  
A l k y l a m m o n i u m  c a r b o x y la t e  m i c e l le  P M R  

1 4 3 2
A lk y l a m . m o n i u m  h a l i d e  c o n d  3 0 8 9  
A l k y l a m m o n i u m  p h o s p h o n iu m  b r o m id e  

s p e c t r a  3 0 7 1
A lk y la m . m o n iu m  s a l t  t r a n s p o r t  p r o p e r t y  

1 8 8 4
A l l y l  c h l o r i d e  p h o t o l y s is  E S R  1 8 1 9  
A l l y l  r a d i c a l  E S R  4 5 3
A l l y l a m m o n i u m  p l a t i n u m  c o m p le x  e le c t r o d e  

r e a c t i o n  1 4 1 1
A l t e r n a t i n g  c u r r e n t  p o la r o g  d r o p  t i m e  9 1 5  
A lu m i n a  c a r b o n  d io x id e  a d s o r p t i o n  1 0 3  
A lu m i n a  s u r f a c e  a c i d i t y  1 2 3 2  
A lu m i n a  s u r f a c e  a le  r e a c t i o n  1 1 2 0  
A lu m i n u m  b o n d  e n e r g y  i n t e r m e t a l l i c  c o m p d  

2 0 0 8
A lu m i n u m  c a r b id e  d is s o c n  e n e r g y  1 3 6  
A lu m i n u m  h y d r o t h e r m a l  h y d r o l y s i s  b o e h m i t e  

2 4 7 4
A lu m i n u m  o x id e  a d s o r p t i o n  s u l f u r  c o m p d  

2 5 7 6
A lu m i n u m  p a l l a d iu m  c h lo r i d e  c o m p le x  4 7 2  
A lu m i n u m  s u b o x id e  I R  m a t r i x  2 9 2 9  
A lu m i n u m  t h a l l i u m  f l u o r i d e  m a s s  s p e c t r u m  

1 5 9 9
A lu m i n u m  w a t e r  A e r o s o l  s y s t e m  2 3 8  
A m e r i c i u m  s t d  o x id n  p o t e n t ia l  1 5 2 8  
A m id e  a l k y l  a q  d ie le c  c o n s t  3 7 3  
A m id e  a q  s o ln  v i s c o s i t y  c o e f f  3 8 1  
A m id e  c y c l i c  o p t i c a l  a c t i v i t y  2 4 8  
A m id e  i m id e  r a d i o l y s i s  p u ls e  9 9 6  
A m id e  t h i o  r c t a t i o n  b a r r i e r  1 2 2 8  
A m id e  w a t e r  i n t e r a c t i o n  2 4 0 1  
A m in e  a d s o r b e d  p h o s p h o r e s c e n c e  9 0 2  
A m in e  a l k a l i  m e t a l  s o ln  s p e c t r a  3 2 3  
A m in e  b e n z e n e  h e a t  m i x i n g  3 1 0 7  
A m in e  g la s s  p o la r o n  s p e c t r u m  1 8 0 3  
A m in e  s o ln  s u l f u r  R a m a n  1 8 5 9  
A m in e  z e o l i t e  2 8 8 0  
A m in o  a c id  d ip o le  m o m e n t  2 1 9 1  
A m in o  a c id  g la s s  e le c t r o n  2 9 5 4  
A m in o  e s t e r  c a r b o n y l b i s  m e s o  p h a s e  3 0 1 6  
A m in o  s i l i c a  h y d r o g e n  b o n d  1 4 7 3  
A m m in e  c o b a l t  p h o t o s e n s i t i z e d  r e d o x  9 7 1  
A m m in e  p l a t i n u m  c o m p le x  e le c t r o d e  o le f i n  

1 4 1 1
A m m o n i a  a d s o r p t i o n  c o p p e r  z e o l i t e  6 6 3  
A m m o n i a  a l k a l i  m e t a l  R a m a n  1 7 5 3  
A m m o n i a  b o r o n  f l u o r i d e  r e a c t i o n  1 0 9 3  
A m m o n i a  c h lo r i d e  s o ly  5 3 3



2K J. Phys. Chem., Vol. 77, 1973 KEYWORD IN D EX

A m m o n i a  c o l l i s i o n  d e e x c i t a t i o n  3 4 6  
A m m o n ia  d e c o m p n  t u n g s t e n  p o le m ic  1 3 5  
A m m o n ia  e t h e r  l i t h i u m  s o l v a t i o n  2 8 8 8  
A m m o n ia  h y d r o c h l o r i c  a c id  h y d r o g e n  b o n d  

1 6 4 9
A m m o n ia  h y d r o g e n  c h lo r i d e  I R  2 9 3 0  
A m m o n ia  l i q  s o d iu m  I R  2 8 7 2  
A m m o n ia  l i q  s t r u c t u r e  R a m a n  2 1 8 5  
A m m o n ia  l i t h i u m  p o t a s s iu m  s o ln  2 1 0  
A m m o n ia  p r o d n  a u t o m o t iv e  e x h a u s t  1 9 5 2  
A m m o n ia  r e a c t i o n  h y d r o x y l  e r i o n i t e  2 1 8 3  
A m m o n i a  s o lv a t e d  e le c t r o n  1 4 5 0  
A m m o n i a  s p e c t r a  s o lv a t e d  e l e c t r o n  1 3 1 1  
A m m o n i a  z e o l i t e  c o m p le x  s t r u c t u r e  1 3 8  
A m m o n iu m  c h lo r i d e  p a r t i c u l a t e  g r o w t h  4 4 4  
A m m o n iu m  c o m p d  m i c e l le  i n t e r a c t i o n  

h a l id e  2 5 3 1
A m m o n i u m  h a l i d e  a s s o c n  c o n s t  1 1 4 8  
A m m o n i u m  n i t r a t e  p a r t i c l e  g r o w t h  4 3 8  
A m m o n i u m  o r t h o p h o s p h a t e  z i r c o n iu m  

s t r u c t u r e  2 4 3
A m m o n i u m  r e m o v a l  e r i o n i t e  I R  2 1 8 3  
A m m o n iu m  s a l t  i n t e r a c t i o n  s o l v e n t  5 1 6  
A m m o n i u m  s a l t  v a c u u m  s u b l im a t i o n  9 4 0  
A m m o n i u m  s u l f a t e  e t h a n o l  b e n z e n e  w a t e r  

2 1 9 6
A m m o n i u m  t e t r a a l k y l  u l t r a s o n i c  a b s o r p t i o n  

9 1 2
A m m o n i u m  z e o l i t e  2 8 8 0  
A n a l y s i s  c a r b id e  g r a p h i t e  v a p o r  1 0 8 3  
A n a l y s i s  d r o p  t i m e  p o la r o g  9 1 5  
A n h a r m o n i c  o s c i l l a t o r  v i b r a t i o n a l  t r a n s i t i o n  

2 6 5 7
A n h y d r i d e  m a le i c  a d d n  h e a t  8 2 8  
A n i l i n e  h y d r o g e n  b o n d  a c c e p t o r  2 0 8 1  
A n i l i n e  i s o to p e  e f f e c t  p K  1 5 5 7  
A n i l i n e  p r o t o l y s is  k i n e t i c s  1 5 6 2  
A n i l i n e  r a d i c a l  io n  s p e c t r a  2 4 9 0  
A n io n  M O  a r o m  1 8 1 4  
A n io n  r a d i c a l  c a r b o x y la t e  E S R  6 2 0  
A n io n  r a d i c a l  n i t r o s a m i n e  E S R  6 1 1  
A n n e a l i n g  c o ld  w o r k e d  m e t a l  c a t a l y s t  1 7 1 9  
A n n i h i l a t i o n  p o s i t r o n i u m  s u r f a c e  te n s io n  l i q  

2 2 2 9
A n o d ic  o x id n  t e t r a t h i o t e t r a c e n e  1 8 6 2  
A n o s o le  f lu o r e s c e n c e  q u e n c h in g  1 3 4 5  
A n t h r a c e n e  a n io n  M O  1 8 1 4  
A n t h r a c e n e  f lu o r e s c e n c e  s u r f a c t a n t  m ic e l le  

1 1 9 1
A n t h r a c e n e  lu m in e s c e n c e  q u e n c h in g  3 0 4 2  
A n t h r a c e n e  n a p h t h a le n e  r a d i o l y s i s  p u ls e  45  
A n t h r a c e n e  r a d i c a l  c a t i o n  p h o t o p r o d n  2 1 5 9  
A n t h r a q u in o n e  a l k a l i  m e t a l  E P R  7 0 8  
A n t h r o a t e  m e t h y l  f l u o r e s c e n c e  s o lv e n t  1 6 1 1  
A n t i p y r i n e  m e t a l  c o m p le x  m a n g a n e s e  E S R  

9 4 5
A p a t i t e  f l u o r i d e  a q  r e a c t i o n  1 7 0 4  
A q  s o d iu m  c h lo r i d e  h e l i u m  s o ly  2 0 1 9  
A q  s o ln  p u ls e  r a d i o l y s i s  1 3 5 0  
A q u a  c o m p le x  p o l y a c r y l o n i t r i l e  E S R  1 3 7 8  
A q u a p h o t o c h r o m ic  h y d r o x y im i d a z o l e  2 1 6 0  
A r e n e  c o p p e r  c o m p le x  m o n t m o r i l l o n i t e  E S R  

7 8 4
A r g o n  m a t r i x  o x y g e n  r e a c t i o n  8 0 1  
A r g o n  m e t a s t a b le  e n e r g y  t r a n s f e r  1 2 4  
A r g o n  m o d e r a t o r  h o t  d e u t e r i u m  1 3 1 9  
A r o m  a n io n  M O  1 8 1 4  
A r o m  c a r b o x y la t e  r a d i c a l  E S R  6 2 0  
A r o m  c o m p d  f lu o r e s c e n c e  q u e n c h in g  5 6 2  
A r o m  e x i p le x  l a s e r  p h o t o l y s is  2 8 3 1  
A r o m  io n  a s s o c n  N M R  2 0 0  
A r o m  s u l f u r  f l a s h  p h o t o l y s is  1 4 7 8  
A r o m a t i c  c a r b o x y l i c  a c id  r a d i o l y s i s  p u ls e  

1 1 1 7
A r y l  e t h y n y l  c o p p e r  p h o t o c o n d  2 6 7 7  
A s p a r t a t e  p o l y b e n z y l  t r a n s i t i o n  t h e r m o d n  

1 1 3 9
A s s o c n  a c e t i c  a c id  s p e c t r a  2 5 6  
A s s o c n  b e n z o a te  a m m o n i u m  h a l id e  1 1 4 8  
A s s o c n  c a d m iu m  b r o m id e  1 9 0 7  
A s s o c n  e n e r g y  n i t r a t e  s u l f a t e  2 6 7 2  
A s s o c n  e q u i l  d i f f u s i o n  2 1 1 8  
A s s o c n  h e p t a n o l  5 4 8
A s s o c n  h y d r a t e d  p r o t o n  o x y g e n  c o m p d  1 9 9 7  
A s s o c n  l e c i t h i n  d i p o l a r  2 3 8 3  
A s s o c n  m e t h v l a c e t a m id e  c a r b o n  t e t r a c h l o r i d e  

2 9 0 7
A t m  f i l m  b u r s t i n g  v e l o c i t y  1 6 9 2  
A t o m  d i a t o m  s y s t e m  v i b r a t i o n a l  t r a n s i t i o n  

1 6 6 6
A t o m  m o l  r e a c t i o n  k i n e t i c s  o x y g e n  1 3 4 1  
A t o m i c  n i t r o g e n  c y a n o g e n  k i n e t i c s  1 7 2 5  
A t o m i z a t i o n  h e a t  s i l i c o n  o x id e  n i t r i d e  9 7 0  
A t t r a c t i o n  i n t e r m o l  f o r c e  5 0 1  
A u t o m o b i l e  e x h a u s t  p o l l u t i o n  c o n t r o l  1 9 5 2  
A z id e  le a d  t h e r m a l  d e c o m p n  8 7 0  
A z o b is c y a n o c y c lo p e n t a n e  p h o t o l y s is  E P R  

e y a n o c y c lo p e n t y l  2 2 4 9  
A z o x y b e n z e n e s  e n t r o p y  t r a n s i t i o n  m e s o =  

m o r p h i c  2 1 5 3  
A z o x y d ia n i s o le  f a r  I R  3 2 6  
B a n d  r e s o ln  I R  s p e c t r a  2 0 8 5

B a n d  s t r e t c h i n g  c a r b o n  d e u t e r i u m  2 0 8 5  
B a r i u m  c r o s s  b e a m  r e a c t i o n  2 9 3 1  
B a r i u m  1 3 7  g a m m a  r a n d o m n e s s  3 1 1 4  
B a r r i e r  r o t a t i o n  c o n f o r m a t io n  p h e n o l  1 1 5 7  
B a r r i e r  r o t a t i o n  p h e n o l  d e r i v  2 0 9 4  
B a r r i e r  r o t a t i o n  t h i o a m i d e  N M R  1 2 2 8  
B a s e  a c id  r e a c t i o n  k i n e t i c s  2 0  
B a s i c i t y  s t y r y l p y r i d i n e  e x c i t e d  s t a t e  6 0 1  
B e a m  r e a c t i o n  a l k  e a r t h  2 9 3 1  
B e n z e n e  a m m o n i u m  s u l f a t e  e t h a n o l  w a t e r  

2 1 9 6
B e n z e n e  C D  m a g n e t i c  1 0 3 1  
B e n z e n e  c y c lo h e x a n e  d io x a n e  d ie le c  1 2 2 5  
B e n z e n e  e x h a n g e  r e a c t i o n  f u e l  c e l l  2 7 8 3  
B e n z e n e  f i l m  c a t h o d o lu m in e s c e n c e  1 6 1 6  
B e n z e n e  f l u o r o  h y d r a t e d  e le c t r o n  r e a c t i o n  

7 4 9
B e n z e n e  io n  p a i r  s o ln  9 5  
B e n z e n e  s u r f a c t a n t  m i c e l l a r  P M R  1 4 3 2  
B e n z e n e  t r i a l k y l a m i n e  h e a t  m i x i n g  3 1 0 7  
B e n z e n e  t r i p l e t  q u a n t u m  y i e l d  1 1 0 5  
B e n z e n e  v i s c o s i t y  H i l d e b r a n d  e q u a t i o n  3 0 0 7  
B e n z e n e s u l f in a t e  a d d n  a c r y l i c  m o n o m e r  

2 7 2 0
B e n z id in e  d i c a t i o n  v i s i b l e  s p e c t r a  2 4 9 0  
B e n z o a te  h y d r o x y la t i o n  F e n t o n  r e a g e n t  3 3 0  
B e n z o a te  r a d i c a l  E S R  6 2 0  
B e n z o a te  s i l v e r  s o ly  m e t h a n o l  1 
B e n z o c y c lo a lk e n e  c a r b o n  1 3  N M R  1 8 6 5  
B e n z o ic  a c id  a c t i v i t y  m e t h a n o l  5 2 7  
B e n z o ic  a c id  a s s o c n  c o n s t  1 1 4 8  
B e n z o q u in o n e  io n  p a i r  io d id e  3 1 0 0  
B e n z y l  c h l o r i d e  m e t h a n o l  r a d i o l y s i s  5 9 7  
B e n z y l  c y a n id e  r o t a t i o n  p r e s s u r e  1 7 6 8  
B e n z y l  E S R  s u b s t i t u e n t  e f f e c t  1 3 6 8  
B e n z y l  f l u o r o  N M R  f l u o r i n e  2 8 7 7  
B e n z y l  f o r m a t i o n  r a d i o l y s i s  t o lu e n e  9 8 3  
B e n z y l  s u l f i d e  x  r a y  s p e c t r a  7 2 1  
B e n z y la m in e  f l a s h  p h o t o l y s is  1 6 2 0  
B e r y l l i u m  a c e t y l a c e t o n a t e  d ie le c  r e l a x a t i o n  

1 0 7 3
B e r y l l i u m  f l u o r i d e  c o m p le x  s p e c t r a  2 1 6  
B ic y c l o o c t a n e c a r b o x y l i c  a c id  d ip o le  m o m e n t  

2 1 9 1B i f l u o r i d e  io n  h y d r o g e n  b o n d in g  1 7 6 4  
B in a r y  l i q  m i x t  f r e e  e n e r g y  2 4 4 1  
B in a r y  s u r f a c t a n t  K r a f f t  p o i n t  3 7 8  
B in d i n g  d y e  p o l y e l e c t r o l y t e  1 7 7 2  
B in d i n g  e n e r g y  G r o u p  I V  c o m p d  9 6 4  
B in d i n g  e n e r g y  l i t h i u m  s o l v a t i o n  2 8 8 8  
B in d i n g  p o l y m e t h a c r y l i c  a c id  d y e  1 7 7 8  
B ip h e n y l  a le  s o ln  i r r a d n  1 7 1  
B ip h e n y l  f l u o r e s c e n c e  q u e n c h in g  1 2 0 7  
B ip h e n y l  io n  p a i r  s o ln  9 5  
B ip h e n y ld i c a r b o x y la t e  r a d i c a l  E S R  6 2 0  
B ip h e n y l i d e  e le c t r o n  t r a n s f e r  h a lo b u t a n e  

2 6 1 8
B ip h o t o n i c  p h o t o c h e m  f lu o r e s c e n c e  lo s s  

2 8 0 8
B ip y r i d i n e  r u t h e n i u m  lu m in e s c e n c e  q u e n c h =  

i n g  3 0 4 2
B i r e f r i n g e n c e  e le c  p o l y s t y r e n e s u l f o n a t e  2 1 0 1  
B i r e f r i n g e n c e  ic e  4 2 3
B is m u t h  l i t h i u m  d i s t r i b u t i o n  l i t h i u m  c h lo r i d e  

2 3 5 1
B is u l f a t e  a m m o n i u m  v a c u u m  s u b l im a t i o n  

9 4 0
B la c k  f i l m  b u r s t i n g  1 6 9 2  
B o e h m i t e  p p t n  a lu m i n u m  s o ln  2 4 7 4  
B o l t z m a n n  e q u a t io n  v a r i a t i o n a l  c o l l o i d  2 3 6 7  
B o n d  a n g le  g a l l i u m  i n d i u m  o x id e  2 5 3 7  
B o n d  a n g le  s u l f u r  t r i o x i d e  a n io n  1 3 6 5  
B o n d  b r e a k i n g  e n t h a lp y  3 0 7 1  
B o n d  e le c t r o n  a c id  t h e o r y  3 0 0 2  
B o n d  e n e r g y  a lu m i n u m  g o ld  s i l v e r  2 0 0 8  
B o n d  e n e r g y  c h r o m i u m  io d id e  2 3 4 6  
B o n d  e n e r g y  h y d r o g e n  s i l i c o n  7 0 5  
B o n d  e n e r g y  s u l f u r  f l u o r i d e  2 7 1 3  
B o n d  f u n c t i o n  H a r t r e e  F o c k  e a le n  1 9 8 3  
B o n d  h y d r o g e n  a m in o  s i l i c a  1 4 7 3  
B o n d  h y d r o g e n  a n i l i n e  a c c e p t o r  2 0 8 1  
B o n d  h y d r o g e n  c o n d e n s e d  s t a t e  2 7 7 9  
B o n d  h y d r o g e n  io n  p a i r  2 6 4 9  
B o n d  h y d r o g e n  p e p t id e  h e a t  2 4 0 1  
B o n d  h y d r o g e n  s o lv e n t  a c e t o n i t r i l e  5 2 7  
B o n d  n i t r o g e n  h y d r o g e n  2 1 0  
B o n d  r o t a t i o n  b r o m o a lk a n e  2 3 0  
B o n d in g  a d s o r b e d  le a d  m o n t m o r i l l o n i t e  

1 9 2 4
B o n d in g  h y d r o g e n  a c e t i c  a c id  2 2 9 5  
B o n d in g  m o l  c o m p le x  2 2 9 0  
B o n d in g  p h o s p h o r u s  x  r a y  e m is s io n  2 8 0  
B o r a n e  d e r i v  m a s s  s p e c t r a  2 9 8 4  
B o r a n e  t r i m e t h y l p h o s p h i n e  s p e c t r a  s t r u c t u r e  

1 9 7 2
B o r a t e  g la s s  p u ls e  r a d i o l y s i s  2 8 5 7  
B o r a t e  i s o p e n t y lb u t y l a m m o n i u m t e t r a p h e n y l  

c o n d  7 1 8
B o r i a  s i l i c a  s u r f a c e  h y d r o x y l  1 9 6 5  
B o r i d e  i s o a m y l a m m o n i u m  c o n d  3 0 8 9  
B o r o n  f l u o r i d e  M O  3 0 8 5  
B o r o n  g l y m e  c o m p le x  v i s c o s i t y  2 3 7 7

B o r o n  t r i f l u o r i d e  a m in e  r e a c t i o n  1 0 9 3  
B r a n c h i n g  c h a in  p o l y o l e f i n  1 9 8 6  
B r o m a t e  p e n t a n e d io n e  o s c i l l a t i n g  r e a c t i o n  

3 1 2 2
B r o m id e  a l k y l a m m o n i u m  p h o s p h o n iu m  

s p e c t r a  3 0 7 1
B r o m id e  a m m o n iu m  v a c u u m  s u b l im a t i o n  

9 4 0
B r o m i d e  c a d m iu m  a s s o c n  1 9 0 7  
B r o m id e  h y d r o g e n  o x y g e n  r e a c t i o n  1 1 8 2  
B r o m id e  h y d r o g e n  r e a c t i o n  r a t e  1 0 6 0  
B r o m id e  i n t e r a c t i o n  m i c e l le  n i t r o g e n  c o m p d  

2 5 3 1
B r o m id e  l i t h i u m  b e a m  r e a c t i o n  3 0 1 1  
B r o m id e  m e r c u r y  s o ly  o r g  8 7  
B r o m id e  p e r m a n g a n a t e  r e d o x  r e a c t i o n  1 5 4 7  
B r o m id e  p h o t o o x id n  d i p y r i d y l r u t h e n i u m  

9 7 1
B r o m id e  p y r o c a t e c h o l  c o m p le x  1 7 9 5  
B r o m id e  s a l t  c o n d  m e t h y l p h o s p h o t r ia m i d e  

1 2 5 8
B r o m i n a t i o n  h e a t  c a r b o n  t e t r a c h l o r i d e  2 7 0 7  
B r o m in e  p y r i d i n e  c h a r g e  t r a n s f e r  1 6 6 2  
B r o m o a lk a n e  d ie le c  p r o p e r t y  2 3 2  
B r o m o a lk a n e  d ie le c  r e l a x a t i o n  2 3 0  
B r o m o b e n z e n e  e le c t r o n  s c a v e n g e r  h y d r o c a r ^  

b o n  r a d i o l y s i s  2 5 2 4  
B r o m o b o r a n e  m a s s  s p e c t r a  2 9 8 4  
B r o m o f o r m  p h o t o l y s is  l a s e r  2 7 2 6  
B r o m o m e t h a n e  i r r a d n  h y d r o g e n  a b s t r a c t i o n  

2 2 5 7
B r o m o p h e n o l  a q  r a d i o l y s i s  l i q  c h r o m a t o g  

1 3 5 6
B u f f e r  i o n i z a t i o n  w e a k  a c id  2 6 8 7  
B u f f e r  w a t e r  a c e t o n i t r i l e  a c i d i t y  2 6 8 1  
B u r s t i n g  f i l m  v e l o c i t y  a t m  1 6 9 2  
B u t a n e  b r o m o  d ie le c  r e l a x a t i o n  2 3 0  
B u t a n e  io n  p a i r  s o ln  9 5  
B u t a n e  r a d i o l y s i s  f r a g m e n t  y i e l d  7 5 5  
B u t a n o l  e t h e r  c o m p r e s s e d  g a s  s o ly  2 0 1 6  
B u t a n o l  s o d iu m  s u l f a t e  a c t i v i t y  1 5 9 4  
B u t e n e  f l u o r o  c y c l o t r o n  r e s o n a n c e  1 4 8  
B u t e n e  i s o m e r i z a t i o n  z in c  o x id e  1 9 5 7  
B u t y l  a le  a s s o c n  h e x a d e c a n e  1 7 8 3  
B u t y l  e t h e r  c o m p le x  d e u t e r a t e d  c h l o r o f o r m  

2 0 8 5
B u t y l  p h o s p h a te  d ip o le  m o m e n t  9 2 2  
B u t y l a m m o n i u m  c h l o r i d e  h e a t  m i x i n g  2 1 3 7  
B u t y l a m m o n i u m  h a l i d e  d i f f u s i o n  2 5 6 7  
B u t y l a m m o n i u m  s o l v a t i o n  p r o p y le n e  c a r b o n  

n a t e  2 4 0 7
C a d m iu m  b r o m id e  a s s o c n  1 9 0 7  
C a l c i u m  a l k y l  g l y c o l  s u l f a t e  3 7 8  
C a l c i u m  c r o s s  b e a m  r e a c t i o n  2 9 3 1  
C a l c i u m  f l u o r i d e  h y d r o x y a p a t i t e  a q  r e a c t i o n  

1 7 0 4
C a lc i u m  p h o s p h a te  c r y s t n  k i n e t i c s  2 3 1 3  
C a l c i u m  w a t e r  A e r o s o l  s y s t e m  2 3 8  
C a lc n  r e a c t i o n  f l u o r i n e  h y d r o g e n  d e u t e r i d e  

3 0 8 1
C a lo m e l  f o r m a t i o n  o x a l i c  a c id  o x id n  1 2 6 2  
C a p t u r e  e le c t r o n  p h e n o l i c  c o m p d  1 0  
C a r b id e  m e t a l  d is s o c n  e n e r g y  1 3 6  
C a r b id e  t a n t a l u m  v a p o r  c a r b o n  r e a c t i o n  

1 0 8 3
C a r b o n  a c t i v a t e d  a d s o r p t i o n  8 0 9  
C a r b o n  b la c k  t h e r m o d n  a d s o r p t i o n  h y d r o c a r =  

b o n  1 3 0 1
C a r b o n  b o n d  r o t a t i o n  b r o m o a lk a n e  2 3 0  
C a r b o n  d e u t e r i u m  b a n d  s t r e t c h i n g  2 0 8 5  
C a r b o n  d io x id e  a d s o r p t i o n  s i l i c a  1 0 3  
C a r b o n  d io x id e  m o d e r a t o r  d e u t e r i u m  1 3 1 9  
C a r b o n  d io x id e  r e l a x a t i o n  m e t h a n e  1 0 7 8  
C a r b o n  d io x id e  z e o l i t e  R a m a n  2 2 2  
C a r b o n  d i s u l f i d e  a d s o r p t i o n  1 8 4 9  
C a r b o n  d i s u l f i d e  o z o n e  p h o t o l y s is  1 0 0 7  
C a r b o n  m o l  c a r b id e  g r a p h i t e  v a p o r  1 0 8 3  
C a r b o n  m o n o s u l f id e  d e c o m p n  2 6 0 1  
C a r b o n  m o n o x id e  a d s o r p t i o n  m a g n e s iu m  

o x id e  1 0 1 9
C a r b o n  m o n o x id e  c h e m  l a s e r  2 7 2 6  
C a r b o n  m o n o x id e  c o m p le x  c a t a l y s i s  1 9 5 2  
C a r b o n  m o n o x id e  h y d r o p e r o x y l  r e a c t i o n  

1 0 9 6
C a r b o n  m o n o x id e  l a s e r  d i s c h a r g e  2 4 5 5  
C a r b o n  m o n o x id e  p h o t o l y s is  is o to p e  e n r i c h =  

m e n t  8 7 8
C a r b o n  m o n o x id e  s h i f t  r e a c t i o n  m e c h a n is m  

1 6 0 1
C a r b o n  r e a c t i o n  h o t  a t o m  2 5 9 8  
C a r b o n  s u l f i d e  c h e m i lu m in e s c e n c e  124  
C a r b o n  s u l f u r  f l u o r i d e  r e a c t i o n  8 9 7  
C a r b o n  t e t r a c h l o r i d e  a c t i v i t y  io d a t e  5 2 3  
C a r b o n  t e t r a c h l o r i d e  f o r m a t i o n  h e a t  2 7 0 7  
C a r b o n  t e t r a c h l o r i d e  m e t h y la c e t a m id e  

a s s o c n  2 9 0 7
C a r b o n  t e t r a c h l o r i d e  p e r c h l o r a t e  c o n d  5 1 9  
C a r b o n  t e t r a c h l o r i d e  P M R  s u r f a c t a n t  1 4 3 2  
C a r b o n  t e t r a c h l o r i d e  p u ls e  r a d i o l y s i s  1 6 7  
C a r b o n  t e t r a c h l o r i d e  s o ln  h e p t a n o l  5 4 8  
C a r b o n  t r i o x i d e  f l a s h  p h o t o l y s is  1 1 1 1  
C a r b o n  1 3  N M R  b e n z o c y c lo a lk e n e  1 8 6 5
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C a r b o n  1 3  N M R  e th a n e  1 5 9 0  
C a r b o n a t e  p r o p y le n e  s o l v a t i o n  2 4 0 7  
C a r b o n iu m  p o s i t r o n i u m  r e a c t i o n  2 0 6 0  
C a r b o n y l  c o m p d  t r i p l e t  e n e r g y  3 3 6  
C a r b o n y l  p y r i d i n e  l i t h i u m  s o l v a t i o n  2 8 8 8  
C a r b o n y l  s u l f i d e  c h e m i lu m in e s c e n c e  1 2 4  
C a r b o n y l  s u l f i d e  o z o n e  p h o t o l y s is  1 0 0 7  
C a r b o x y la t e  a l k y l a m m o n i u m  m i c e l l e  P M R  

1 4 3 2
C a r b o x y la t e  a r o m  r a d i c a l  E S R  6 2 0  
C a r b o x y la t e  m i c e l le  P M R  1 8 7 6  
C a r b o x y la t e  r a d i c a l  r e a c t i o n  c a r b o x y la t e  

1 1 1 7
C a r b o x y l i c  a c id  a d s o r b e d  p h o s p h o r e s c e n c e  

9 0 2
C a r b o x y l i c  a c id  d i m e r i z a t i o n  1 9 1 8  
C a r r i e r  t r a n s p o r t  s y s t e m  p o t e n t i a l  d i f f e r e n c e  

8 4 6
C a t a l y s t  m i c e l le s  l a u r a t e  h y d r o l y s i s  1 2 8 0  
C a t a l y s t  o x id e  c o p p e r  m a g n e s iu m  1 2 4 0  
C a t h o d o lu m in e s c e n c e  b e n z e n e  a l k a n e  f i l m  

1 6 1 6
C a t io n  a n t h r a c e n e  r a d i c a l  p h o t o p r o d n  2 1 5 9  
C a t io n  a s s o c n  a l k a l i  t r i p h e n y lp h o s p h in e  

o x id e  1 4 2 1
C a t io n  c a t i o n  d is t a n c e  g la s s  3 0 3 5  
C a t io n  e x c h a n g e  m e m b r a n e  t r a n s p o r t  n o is e  

1 5 6 7
C a t io n  e x c h a n g e  s e l e c t i v i t y  c a l c n  2 1 2 8  
C a t io n  e x c h a n g e  z e o l i t e  a m m o n i u m  p o t a s s iu m  

2 8 8 0
C a t io n  l i q  io n iz e d  m e m b r a n e  2 1 2 2  
C a t io n  m o l  r e a c t i o n  s i la n e  w a t e r  2 8 4 1  
C a t io n  r a d i c a l  s p l i t t i n g  E S R  1 8 5 3  
C a t io n  r a d i c a l  t e t r a t h i o t e t r a c e n e  1 8 6 2  
C D  m a g n e t i c  b e n z e n e  1 0 3 1  
C D  o r i e n t e d  h e l i x  1 6 5 3  
C D  t r i p h e n y l  p y r a z o l i n y l  s u l f a t e  1 8 1 7  
C e n t r i f u g a t i o n  i n t e r a c t i n g  p r o t e i n  s y s t e m  

1 2 5 0
C e r a m ic  g la s s  f lu o r e s c e n c e  n e o d y m iu m  1 0 1 6  
C e s iu m  c h l o r i d e  h e a t  m i x i n g  2 1 3 7  
C e s iu m  o x y g e n  i n t e r a c t i o n  R a m a n  8 0 1  
C e s iu m  o x y g e n  m a t r i x  I R  1 0 6 5  
C e s iu m  s t r o n t i u m  m a n g a n e s e  s y s t e m  1 2 8 8  
C e s iu m  1 3 7  d e c a y  r a n d o m n e s s  3 1 1 4  
C e t y l t r i m e t h y l a m m o n i u m  r e f r a c t i v e  i n d e x  

5 5 4
C h a in  c h e m  u n p e r t u r b e d  d im e n s io n  7 8  
C h a in  d im e n s io n  p o l y o l e f i n  t e m p  1 9 8 6  
C h a p e r o n  e f f e c t  c h l o r i n e  r e c o m b i n a t i o n  

1 3 2 5
C h a r g e  s e c o n d  m o m e n t  c a l c n  1 5 2 0  
C h a r g e  t r a n s f e r  a d s o r b e d  o z o n e  5 5 6  
C h a r g e  t r a n s f e r  a lk a n e  g a s  2 7 5 6  
C h a r g e  t r a n s f e r  b r o m i n e  p y r i d i n e  1 6 6 2  
C h a r g e  t r a n s f e r  c h r o n o a m p e r o m e t r y  1 0 5 1  
C h a r g e  t r a n s f e r  c o m p le x  a c e t o n i t r i l e  t e t r a =  

c y a n o n i t r i l e  2 5 2 0
C h a r g e  t r a n s f e r  c o m p le x  f o r m a t i o n  c o n s t  

2 5 4 5
C h a r g e  t r a n s f e r  l i t h i u m  s o l v a t i o n  2 8 8 8  
C h e la t e  m e t a l  h e x a m e t h y lp h o s p h o r a m id e  

N M R  1 8 9
C h e la t i o n  m a g n e s iu m  p y r o p h o s p h a t e  k i n e t i c s  

2 3 1 8
C h e m  c h a in  u n p e r t u r b e d  d im e n s io n  7 8  
C h e m  e x c h a n g e  s p in  d e c o u p l i n g  1 8 9  
C h e m  l a s e r  c a r b o n  m o n o x id e  2 7 2 6  
C h e m ic a l  r e l a x a t i o n  r h o d a m in e  B  1 3 1 7  
C h e m i lu m in e s c e n c e  c a r b o n  s u l f i d e  1 2 4  
C h e m i lu m in e s c e n c e  f l u o r i n e  a t o m  h y d r o c a r =  

b o n  2 4 9 3
C h e m i lu m in e s c e n c e  n i t r o g e n  f l u o r i d e  s h o c k  

w a v e  2 8 2 3
C h e m is o r b e d  h y d r o g e n  p a l l a d iu m  2 6 2 8  
C h e m is o r b e d  i r o n  c o m p le x  p l a t i n u m  e le c =  

t r o d e  1 4 0 1
C h e m is o r b e d  o l e f i n  p l a t i n u m  e le c t r o d e  

c o m p le x  1 4 1 1
C h e m is o r p t i o n  z e o l i t e  Y  2 3 0 8  
C h lo r a t e  b e n z o q u in o n e  io n  p a i r  3 1 0 0  
C h lo r a t e  m a g n e s iu m  h y d r a t e  s y s t e m  6 4 0  
C h lo r i d e  a l k a l i  b e a m  r e a c t i o n  3 0 1 1  
C h lo r i d e  a l k a l i  d i f f u s i o n  h y d r o c h l o r i c  a c id  

9 3 4
C h lo r i d e  a l k a l i  m e l t  c o n d  1 9 8 9  
C h lo r i d e  a l k a l i  m e t a l  s o ly  5 3 3  
C h lo r i d e  a l k a l i  s o l id  s o ln  t r a n s i t i o n  1 6 9 5  
C h lo r id e  a l u m i n u m  p a l l a d iu m  c o m p le x  4 7 2  
C h lo r id e  a m m o n i u m  p a r t i c u l a t e  g r o w t h  4 4 4  
C h lo r id e  a m m o n i u m  v a c u u m  s u b l im a t i o n  

9 4 0
C h lo r id e  c h l o r i n e  e x c h a n g e  N M R  2 1 4 9  
C h lo r id e  c h o l in e  w a t e r  d i f f u s i o n  2 3 7 1  
C h lo r id e  h y d r o g e n  a m m o n ia  I R  2 9 3 0  
C h lo r id e  h y d r o g e n  k i n e t i c s  h y d r o x y l  1 9 4 8  
C h lo r id e  i n t e r a c t i o n  m i c e l le  n i t r o g e n  c o m p d  

2 5 3 1
C h lo r id e  l i t h i u m  d i s t r i b u t i o n  b i s m u t h  

l i t h i u m  2 3 5 1

C h lo r i d e  m e r c u r y  r e d n  r a d i c a l  6 1 4  
C h lo r i d e  m e r c u r y  s o ly  o r g  8 7  
C h lo r i d e  n i t r a t e  io n  e x c h a n g e  1 3 9 8  
C h lo r i d e  p o l y a c r y l a t e  d i f f u s i o n  s o d iu m  2 6 8 4  
C h lo r i d e  p y r o c a t e c h o l  c o m p le x  1 7 9 5  
C h lo r i d e  s e le n in y l  n e o d y m iu m  s p e c t r o s c o p y  

1 3 7 0
C h lo r i d e  s o d iu m  a q  d i f f u s i o n  s o d iu m  2 2 3 3  
C h lo r i d e  s o d iu m  p o l y s t y r e n e s u l f o n a t e  a c t i v i t y  

2 7 9 0
C h lo r i d e  s o d iu m  s o ly  h e l i u m  p o le m ic  2 9 2 8  
C h lo r i d e  s o d iu m  v a p o r i z a t i o n  k i n e t i c s  1 4 4 2  
C h lo r i d e  t i t a n i u m  m e t h a n o l  c o m p le x  6 78  
C h l o r i n a t i o n  p h e n o l  k i n e t i c s  9 7 3  
C h l o r i n a t i o n  s i l i c a  s u r f a c e  2 0 7 0  
C h lo r i n e  a t o m  r e c o m b i n a t i o n  k i n e t i c s  1 3 2 5  
C h lo r i n e  c h l o r i d e  e x c h a n g e  N M R  2 1 4 9  
C h lo r i n e  d io x id e  f l a s h  p h o t o l y s is  7 4 2  
C h lo r i n e  o x id e  R a m a n  I R  3 0 6 2  
C h lo r i n e  p h e n o l  r e a c t i o n  k i n e t i c s  9 7 3  
C h lo r i n e  p h o t o c h e m  o x id n  o z o n e  2 5 1 5  
C h lo r i n e  t r i o x i d e  r a d i c a l  E S R  3 0 5 8  
C h lo r o  f l u o r o  p h o s p h in e  U V  1 1 2 6  
C h lo r o a c e t i c  a c id  p o l y g l u t a m a t e  o r i e n t a t i o n  

2 9 2 5
C h lo r o b e n z e n e  h y d r o x y la t i o n  r a d i o l y s i s  5 8 9  
C h lo r o b u t e n e  p h o t o l y s is  E S R  1 8 1 9  
C h lo r o c a r b o n y l o b i s t r i p h e n y l p h o s p h i n e i r i d iu m  

o x id n  r a t e  2 9 0
C h l o r o f o r m  b i n a r y  c o m p le x  e n t h a lp y  2 3 9 7  
C h l o r o f o r m  d e u t e r a t e d  c o m p le x  b u t y l  e t h e r  

2 0 8 5
C h l o r o f o r m  w a t e r  d i m e r  N M R  2 3 6  
C h lo r o m e t h a n e  a d s o r b e d  m i c r o w a v e  a b s o r p =  

t i o n  1 3 8 9
C h lo r o m e t h a n e  s o in  h e p t a n o l  5 4 8  
C h lo r o m e t h y lp r o p e n e  p h o t o l y s is  E S R  1 8 1 9  
C h lo r o n i t r o m e t h a n e  c r o s s  b e a m  r e a c t i o n  

2 9 3 1
C h lo r o o le f i n  U V  p h o t o l y s is  r a d i c a l  1 8 1 9  
C h lo r o p r o p e n e  p h o t o l y s is  E S R  1 8 1 9  
C h l o r o t r i f l u o r o m e t h a n e  h e l i u m  d i f f u s i o n  

7 0 3
C h o le s t e r y l  a lk a n o a t e  m e s o m o r o h ic  b e h a v io r  

8 3 7
C h o le s t e r y l  e s t e r  g r o w t h  s p h e r u l i t e  3 9 6  
C h o le s t e r y l  m y r i s t a t e  m e s o p h a s e  t r a n s i t i o n  

3 9 9  4 0 9
C h o le s t e r y l  s t e a r a t e  t r a n s f o r m a t i o n  k i n e t i c s  

2 3 4 2
C h o l in e  c h l o r i d e  w a t e r  d i f f u s i o n  2 3 7 1  
C h r o m a t o g  l i q  r a d i o l y s i s  a q  b r o m o p h e n o l  

1 3 5 6
C h r o m a t o g  o c ta n e  d i f f u s i o n  1 4 3 7  
C h r o m a t o g  t h e o r y  i s o m e r i z a t i o n  s y s t e m  3 5 2  
C h r o m i u m  c o m p le x  N M R  d i m e t h y l  8 5 5  
C h r o m i u m  E D T A  c o m p le x  p h o t o r e d o x  2 0 4 9  
C h r o m i u m  e t h y le n e d ia m in e  p h o s p h o r e s c e n c e  

q u e n c h in g  2 6 1 4
C h r o m i u m  e t h y le n e d ia m in e  p h o t o c h e m  

2 9 4 7
C h r o m i u m  h e x a c y a n o  p h o s p h o r e s c e n c e  

q u e n c h in g  8 6 1
C h r o m iu m  h y d r a t e d  i o n  p o l y a c r y l o n i t r i l e  

1 3 7 8
C h r o m i u m  io d id e  d is s o c n  2 3 4 6  
C h r o n o a m p e r o m e t r y  c h a r g e  t r a n s f e r  1 0 5 1  
C i r c u l a r l y  p o la r i z e d  f lu o r e s c e n c e  p y r a z o l i n y l  

1 8 1 7
C i t r a t e  h y d r o l y s i s  k i n e t i c s  1 5 5 2  
C o a l  c a r b o n  1 3  N M R  6 8  
C o a t i n g  h a lo c a r b o n  r e c o m b i n a t i o n  b r o m in e  

1 0 6 0
C o b a l t  a c e t o n i t r i l e  c o n t a c t  s h i f t  6 3 4  
C o b a l t  a l u m i n a  s u r f a c e  a c i d i t y  1 2 3 2  
C o b a l t  a m m i n e  p h o t o s e n s i t i z e d  r e d o x  9 7 1  
C o b a l t  c o m p le x  p h o t o o x id n  r u t h e n i u m  1 8 2 3  
C o b a l t  c o m p le x  r e d n  k i n e t i c s  2 5 7 9  
C o b a l t  e t h y le n e d ia m in e  p h o s p h a te  c o m p le x  

6 3 7
C o b a l t  p h o s p h o r e s c e n c e  q u e n c h in g  c o m p le x  

2 6 1 4
C o b a l t  s a n d w ic h  c o m p le x  s p e c t r a  1 6 8 1  
C o b a l t  t h i o c y a n a t e  m a g n e t i c  s u s c e p t i b i l i t y  

4 2 4
C o b a l t  6 0  d e c a y  r a n d o m n e s s  3 1 1 4  
C o e x is t e n c e  c u r v e  t e r n a r y  l i q  s y s t e m  1 5 7 2  
C o ld  w o r k e d  m e t a l  c a t a l y s t  1 7 1 9  
C o l l i s io n  m o l  v i b r a t i o n a l  t r a n s i t i o n  1 3 9 4  
C o l l i s io n  v i b r a t i o n  d e e x c i t a t i o n  3 4 6  
C o l l i s io n a l  p r o d n  m e r c u r y  t r i p l e t  8 7 5  
C o l lo d io n  p o l y s t y r e n e s u l f o n i c  a c id  m e m b r a n e  

9 2
C o l lo i d  B o l t z m a n n  e q u a t i o n  v a r i a t i o n a l  

2 3 6 7
C o m p le x  b u t y l  e t h e r  d e u t e r a t e d  c h l o r o f o r m  

2 0 8 5
C o m p le x  c h e m is o r b e d  o l e f i n  p l a t i n u m  

e le c t r o d e  1 4 1 1
C o m p le x  c o b a l t  r e d n  k i n e t i c s  2 5 7 9  
C o m p le x  f o r m a t i o n  e q u i l  8 1 3

C o m p le x  io d in e  a lk a n e  U V  2 7 5 6  
C o m p le x  m o l  b o n d in g  2 2 9 0  
C o m p le x  p h o t o r e d o x  t r i p l e t  m e c h a n i s m  9 7 1  
C o m p le x  p l a t i n u m  i r o n  c h e m is o r b e d  o le f i n  

1 4 0 1
C o m p le x  t r a n s i t i o n  m e t a l  p h o t o r e d o x  2 0 4 9  
C o m p le x a t i o n  d e u t e r i u m  is o to p e  e f f e c t  1 2 7 5  
C o m p le x a t i o n  k i n e t i c s  n i c k e l  t h i o c y a n a t e  

1 3 0
C o m p r e s s e d  g a s  s o l y  b u t a n o l  e t h e r  2 0 1 6  
C o m p r e s s i b i l i t y  i o n  h y d r a t i o n  p o le m ic  5 6 7  
C o m p r e s s i b i l i t y  i o n i c  s o l v a t i o n  p o le m ic  

1 5 9 8
C o m p u t e r  s i m u l a t i o n  l i q  j u n c t i o n  p o t e n t ia l  

1 5 4 0
C o n c n  c e l l  H a r n e d  r u l e  c o e f f  1 5 4 0  
C o n c n  d e p e n d e n c e  v o l  p o l y e l e c t r o l y t e  2 2 2 5  
C o n c n  u r e a  w a t e r  f l u i d i t y  3 7 0  
C o n d  a r y l  e t h y n y l  c o p p e r  2 6 7 7  
C o n d  e l e c t r o l v t e  m e t h y l p h o s p h o t r ia m i d e  

1 2 5 8
C o n d  e l e c t r o l y t e  p r o p y le n e  c a r b o n a t e  3 0 8 9  
C o n d  e l e c t r o l v t e  s u l f o la n e  m e t h y l s u l f o l a n e  

7 1 8
C o n d  e l e c t r o l y t e  s u l f u r  d i o x id e  2 1 3 3  
C o n d  h y d r a t e  e l e c t r o n  i o n i z a t i o n  6 7 4  
C o n d  io n  p a i r  s o l v e n t  2 4 4 9  
C o n d  l e c i t h i n  d i a c e t y l l e c i t h i n  s o ln  2 3 8 3  
C o n d  m a g n e s iu m  n i c k e l  o x id e  2 4 3 0  
C o n d  m e t h y l p h e n a n t h r o l i n e  c o p p e r  p e r c h lo 

r a t e  5 1 9
C o n d  p e r c h l o r i c  a c id  m e t h y l a c e t a m id e  6 8 8  
C o n d e n s a t io n  i o d in e  c h r o m i u m  io d id e  2 3 4 6  
C o n d e n s a t io n  r e a c t i o n  s i l i c a  s u r f a c e  a le  

3 0 4 8
C o n d e n s e d  s t a t e  h y d r o g e n  b o n d  2 7 7 9  
C o n d u c t a n c e  c o p p e r  s a l t  8 1 9  
C o n d u c t a n c e  e l e c t r o l y t i c  p o l y s t y r e n e  d ip h e  =  

n y lm e t h a n e  2 2 1 7
C o n f o r m a t i o n  c y s t e in e  g l u t a m i c  c o p o l y m e r  

2 7 5 9
C o n f o r m a t i o n  d i s u l f i d e  v i b r a t i o n a l  s p e c t r a  

1 1 2 9
C o n f o r m a t i o n  l a c t a m  I R  s o l v e n t  6 4 5  
C o n f o r m a t i o n  p h e n o l  r o t a t i o n  b a r r i e r  1 1 5 7  
C o n f o r m a t i o n  p o l y a la n in e  3 0 3 3  
C o n f o r m a t i o n  p o l y o l e f i n  c h a in  b r a n c h in g  

1 9 8 6
C o n f o r m a t i o n  p o l y s t y r e n e  m o l  w t  1 6 3 5  
C o n f o r m a t i o n  p r o p a n e d i t h i o l  R a m a n  I R  4 6 9  
C o n f o r m a t i o n  t r a n s i t i o n  g l u t a m i n e  p e p t id e  

2 4 2
C o n f o r m a t i o n  t r a n s i t i o n  p o l y a c i d  d e n a t u r a n t  

1 4 2 7
C o n t a c t  l i n e  s t a b i l i t y  f o u r  p h a s e  3 1 8  
C o n t a c t  s h i f t  N M R  n i t r o g e n  6 3 4  
C o o r d in a t io n  s e v e n  e i g h t  t h o r i u m  2 6 5 4  
C o o r d in a t io n  s p h e r e  e x c h a n g e  c h r o m i u m  

8 5 5
C o o r d in a t io n  z i r c o n iu m  f l u o r i d e  c o m p le x  

1 3 8 4
C o p p e r  a c e t o n i t r i l e  c o n t a c t  s h i f t  6 3 4  
C o p p e r  a r e n e  c o m p le x  m o n t m o r i l l o n i t e  E S R  

7 8 4
C o p p e r  a r y l  e t h y n y l  p h o t o c o n d  2 6 7 7  
C o p p e r  c a t a l y s t  o x a la t e  p e r o x y d i s u l f a t e  

r e a c t i o n  1 2 6 5
C o p p e r  c o m p le x  c o n d u c t a n c e  8 1 9  
C o p p e r  E D T A  c o m p le x  p h o t o r e d o x  2 0 4 9  
C o p p e r  h y d r a t e d  s t e r e o c h e m  s i l i c a t e  1 9 6  
C o p p e r  h y d r o x y a p a t i t e  r e d o x  7 9 1  
C o p p e r  m a g n e s iu m  o x id e  E S R  1 2 4 0  
C o p p e r  m e t h y l p h e n a n t h r o l i n e  p e r c h l o r a t e  

c o n d  5 1 9
C o p p e r  m o n o x id e  o p t i c a l  s p e c t r a  49  
C o p p e r  n i c k e l  p e r m e a b i l i t y  h y d r o g e n  2 1 4 6  
C o p p e r  p h t h a lo c y a n in e  p o l y m o r p h  s t r u c t u r e  

4 7 7
C o p p e r  z e o l i t e  a d s o r p t i o n  a m m o n i a  6 6 3  
C o p p e r  z e o l i t e  c h e m i s o r p t i o n  n i t r o g e n  o x id e  

2 3 0 8
C o u p l i n g  i s o t r o p i c  h y p e r f in e  r a d i c a l  1 8 9 6  
C r a c k i n g  a lk a n e  z e o l i t e  1 5 8  
C r e s o l  e l e c t r o n  e je c t i o n  c a p t u r e  1 0  
C r i t  m i c e l l e  c o n c n  s u r f a c t a n t  3 7 8  
C r i t  p o i n t  m u l t i c o m p o n e n t  f l u i d  2 1 9 6  
C r o c o n a e e  e le c t r o c h e m  o x id n  2 6 5 2  
C r o s s e d  b e a m  r e a c t i o n  h a lo m e t h a n e  5 6 9  
C r o w n  d ib e n z o  s p in  e x c h a n g e  6 2 5  
C r o w n  e ~ h e r  t e t r a c y a n o e t h y le n e  E S R  2 9 5 9  
C r y s t a l  c e l l  z e o l i t e  a d s o r p t i o n  a c e t y le n e  

2 3 6 4
C r y s t a l  i n t e r a c t i o n  p l a t i n u m  e t h y le n e d ia m in e  

3 0 7 7
C r y s t a l  s t r u c t u r e  n i c k e l  z e o l i t e  2 5 5 6  
C r y s t a l  s t r u c t u r e  z e o l i t e  8 0 5  
C r y s t a l  s t r u c t u r e  z e o l i t e  ( c o r r e c t io n )  3 1 2 4  
C r y s t a l  s t r u c t u r e  z i r c o n iu m  p h o s p h a te  2 4 3  
C r y s t a l  v i o l e t  p o l y m e t h a c r y l i c  b i n d i n g  1 7 7 2  

1 7 7 8
C r y s t a l l i n i t y  p o l y e t h y le n e  r a d i c a l  d e c a y  4 0  
C r y s t a l l i t e  s iz e  m o ly b d e n u m  s u l f i d e  2 2 4 2  
C r y s t a l l o l u m in e s c e n c e  k e to n e  b i n a r y  m i x t  

2 1 6 5
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C r y s t n  c a l c i u m  p h o s p h a te  k i n e t i c s  2 3 1 3  
C r y s t n  k i n e t i c s  c h o le s t e r y l  m y r i s t a t e  4 0 9  
C r y s t n  o r g  m i x t  lu m in e s c e n c e  2 1 6 5  
C r y s t n  p o l y a m id e  s a l t  e f f e c t  3 8 9  
C u p r i c  io n  p e r o x y  r a d i c a l  d i s p r o p o r t i o n a t i o n  

116 9
C y a n id e  h y d r o g e n  d i m e r  h e a t  d is s o e n  1 7 6 2  
C y a n o  c h r o m i u m  p h o s p h o r e s c e n c e  q u e n c h in g  

8 6 1
C y a n o  g r o u p  p o l a r i z a b i l i t y  2 0 9 0  
C y a n o c y c lo p e n t y l  E P R  p h o t o l y s is  a z o b is c y a  =  

n o c y c lo p e n t a n e  2 2 4 9  
C y a n o d i t h i i n  r a d i c a l  a n io n  E P R  1 7 1 6  
C y a n o e t h v le n e  s o d iu m  m a t r i x  p h o t o c o n d  

2 4 3 4
C y a n o g e n  a t o m i c  n i t r o g e n  k i n e t i c s  1 7 2 5  
C y a n o g e n  d is s o c n  s h o c k  w a v e  5 7 5  
C y a n o g e n  h y d r o g e n  r e a c t i o n  1 3 2 9  
C y c l i c  a m id e  o p t i c a l  a c t i v i t y  2 4 8  
C y c l i c  d i m e r  a c e t i c  a c id  2 2 9 5  
C y c lo a l k a n e  f l u o r i n e  a t o m  c h e m i l u m i n e s 

c e n c e  2 4 9 3
C y c lo a l k a n o n e  f lu o r e s c e n c e  1 8 3 0  
C y c lo a l k e n e  c a r b o n  1 3  N M R  1 8 6 5  
C y c lo b u t a n e  p h o t o l y s is  s t y r e n e  e t h y le n e  

2 6 0 9
C y c lo b u t a n o n e  p h o t o d is s o c n  e n e r g y  r e l a x a 

t i o n  9 5 4
C y c lo b u t a n o n e  t h e r m o l y s i s  m e c h a n is m  

r e v i e w  1 3 1 6  1 3 1 7
C y c lo b u t a n o n e  t r i t i u m  h o t  a t e m  r e a c t i o n  

1210
C y c lo b u t e n e  f l u o r o  c y c l o t r o n  r e s o n a n c e  1 4 8  
C y c lo h e x a n e  b e n z e n e  d io x a n e  d ie le c  1 2 2 5  
C y c lo h e x a n e  e x c h a n g e  r e a c t i o n  f u e l  c e l l  

2 7 8 3
C y c lo h e x a n e  n i t r o u s  o x id e  r a d i o l y s i s  5 8 6  
C y c lo h e x a n o n e  U V  p h o t o l y s is  s i n g le t  1 9 3 6  
C y c l o n o n a t e t r a e n y l  a n io n  N M R  2 0 0  
C y c lo o c t a t e t r a e n e  d ia n io n  N M R  2 0 0  
C y c lo p e n t a d ie n e  a d d n  h e a t  8 2 8  
C y c lo p e n t a n o n e  f lu o r e s c e n c e  1 8 3 0  
C y c lo p r o p a n e  e x c i t e d  i s o m e r i z a t i o n  1 4 3  
C y c lo p r o p a n e  i s o m e r i z a t i o n  k i n e t i c s  3 0 3 7  
C y c lo p r o p a n e  m e t h y l  h o t  i s o m e r i z a t i o n  4 2 7  
C y c lo p r o p a n e  s i n g le t  m e t h y le n e  i n s e r t i o n  

4 2 7
C y c l o t r o n  io n  r e s o n a n c e  f l u o r o c a r b o n  1 4 8  
C y s t e in  v i b r a t i o n a l  s p e c t r a  c o n f o r m a t io n  

1 1 2 9
C y s t e in e  a c e t y l  c o m p le x  m e t h y l m e r c u r y  

2 2 8 2
C y s t e in e  g l u t a m i c  c o p o l y m e r  c o n f o r m a t io n  

2 7 5 9
C y t o s in e  r e a c t i o n  s o lv a t e d  e le c t r o n  1 6 7 3  
D e a m i n a t i o n  p e p t id e  a m in o  a c id  2 9 5 4  
D e a q u a t i o n  d e u t e r i u m  is o to p e  e f f e c t  1 2 7 5  
D e a q u a t i o n  io n  t h e o r  k i n e t i c s  1 2 4 5  
D e c a r b o x y l a t i o n  p h o t o c h e m  a l ip h  a c id  e s t e r  

1 4 8 2
D e c a y  a l k y l  r a d i c a l  p o l y e t h y le n e  4 0  
D e c a y  c u r v e s  e m is s io n  s p e c t r a  2 0 3 8  
D e c a y  e l e c t r o n  h y d r a t e d  y i e l d  1 8 3 8  
D e c a v  r a d i o a c t i v e  r a n d o m n e s s  s t a t i s t i c s  

3 1 1 4
D e c a y  s p u r  h y d r a t e d  e le c t r o n  1 9 2 6  
D e c o m p n  a m m o n ia  t u n g s t e n  p o le m ic  1 3 5  
D e c o m p n  c a r b o n  m o n o s u l f id e  2 6 0 1  
D e c o m p n  c a t a l y s t  f o r m i c  a c id  1 7 1 9  
D e c o m p n  c a t a l y t i c  n i t r o u s  o x id e  1 2 4 0  
D e c o m p n  e q u i l  s u l f u r  f l u o r i d e  c h l o r i d e  2 7 1 3  
D e c o m p n  u r a n i u m  h y d r i d e  2 2 3 6  
D e c o n v o lu t i o n  f lu o r e s c e n c e  p h o s p h o r e s c e n c e  

d e c a y  c u r v e  2 0 3 8  
D e e x c i t a t i o n  v i b r a t i o n  3 4 6  
D e h y d r a t i o n  h y d r o x y  m e t  h y  I c y  c l  o h e x a d ie n y l  

9 8 3
D e h y d r a t i o n  io n  f r e e  e n e r g y  a c t i v a t i o n  1 2 4 5  
D e h v d r o f l u o r i n a t i o n  e th a n e  f l u o r o  e x c i t e d  

7 2 5
D e h y d r o f l u o r i n a t i o n  f lu o r o e t h a n e  i s o to p e  

e f f e c t  3 0 7
D e h v d r o f l u o r i n a t i o n  f lu o r o p r o p a n e  a c t i v a t e d  

2021
D é n a t u r a n t  p o l y a c id  c o n f o r m a t io n  t r a n s i t i o n  

1 4 2 7
D e n s i t y  e q u a t i o n  s t a t e  t e m p  82  
D e n s i t y  m a t r i x  p e r f lu o r o s u c c i n a t e  E S R  

1 4 9 1
D e n s i t y  n e m a t ic  l i q  c r y s t a l  9 5 0  
D e o x v c h o la t e  m i c e l le  r e f r a c t i v e  i n d e x  5 5 4  
D e s o r p t io n  w a t e r  p l u t o n i u m  c x id e  5 8 1  
D e t e r g e n t  p h e n o l  s o in  s p e c t r a  64  
D e u t e r a t e d  c h l o r o f o r m  c o m p le x  b u t y l  e t h e r  

2 0 8 5
D e u t e r a t e d  f o r m a ld e h y d e  p h o t o c h e m i s t r y  

2 4 6 9
D e u t e r i u m  a d s o r p t i o n  z in c  o x id e  2 6 3 4  
D e u t e r i u m  b r o m id e  p h o t o l y s is  m o d e r a t o r  

1 3 1 9
D e u t e r i u m  c a r b o n  b a n d  s t r e t c h i n g  2 0 8 5  
D e u t e r i u m  f l u o r i d e  c h e m i lu m in e s c e n c e  2 4 9 3

D e u t e r i u m  h y d r i d e  f l u o r i n e  r e a c t i o n  e a le n  
3 0 8 1

D e u t e r i u m  is o to p e  e f f e c t  p K  1 5 5 7  
D e u t e r o n  m a g n e t i c  r e s o n a n c e  s i l i c a  m e t h a n o l  

2 8 4 7
D i a l y s i s  d y e  p o l y e l e c t r o l y t e  1 7 7 2  
D i a m a g n e t i c  s u s c e p t i b i l i t y  e a le n  1 5 2 0  
D ia m o n d  c a r b o n  13  N M R  6 8  
D i a q u o h v d r o g e n  io n  h y d r o g e n  b o n d  2 5 6 0  
D i a t o m  a t o m  s y s t e m  v i b r a t i o n a l  t r a n s i t i o n  

1 6 6 6
D ib e n z o c r o w n  e f f e c t  s p in  e x c h a n g e  6 2 5  
D ib e n z o t h io p h e n e  f l a s h  p h o t o l y s is  1 4 7 8  
D i c a r b o x y l i c  a c id  k i n e t i c s  d is s o c n  r e c o m b in a =  

t i o n  2 0 3 1
D i c h l o r i d e  i r r a d i a t e d  w a t e r  2 9 5 2  
D ie le c  b e n z e n e  c y c lo h e x a n e  d io x a n e  1 2 2 5  
D ie le c  c o n s t  a q  a l k y l  a m id e  3 7 3  
D ie le c  c o n s t  h e p t a n o l  s o ln  5 4 8  
D ie le c  c o n s t  p o la r o n  r e a c t i v i t y  1 7 1 1  
D ie le c  c o n s t  s o l v a t i o n  5 3 3  
D ie le c  f r i c t i o n  i o n i c  c o n d u c t i v i t y  1 3 1 4  
D ie le c  l e c i t h i n  d i a c e t y l l e c i t h i n  s o ln  2 3 8 3  
D ie le c  p r o p e r t y  b r o m o a lk a n e  2 3 2  
D ie le c  p r o p e r t y  c l a t h r a t e  h y d r a t e  2 9 6 9  
D ie le c  r e l a x a t i o n  a c e to p h e n o n e  m ic r o w a v e  

7 1 4D ie le c  r e l a x a t i o n  a c e t y l a c e t o n a t e  1 0 7 3  
D ie le c  r e l a x a t i o n  b r o m o a lk a n e  2 3 0  
D ie le c  r e l a x a t i o n  p a r a m e t e r  d e t n  1 3 4 8  
D ie ls  A ld e r  r e a c t i o n  8 2 8
D i f f e r e n c e  p o t e n t ia l  c a r r i e r  t r a n s p o r t  s y s te m  

8 4 6
D i f f u s io n  a l k a l i  c h lo r i d e  h y d r o c h l o r i c  a c id  

9 3 4
D i f f u s io n  a s s o c n  e q u i l  2 1 1 8  
D i f f u s io n  c h o l in e  c h l o r i d e  w a t e r  2 3 7 1  
D i f f u s io n  c o e f f  o c ta n e  1 4 3 7  
D i f f u s io n  c o n t r o l l e d  e l e c t r o l y s i s  d i s k  e le c t r o d e  

1 0 5 1
D i f f u s io n  e l e c t r o l y t e  i n t e r f a c e  e le c  f i e l d  

2 9 8 9
D i f f u s io n  h e a v y  w a t e r  6 8 5  
D i f f u s io n  h e l i u m  c h l o r o t r i f l u o r o m e t h a n e  

7 0 3
D i f f u s io n  h y d r o g e n  c o p p e r  n i c k e l  2 1 4 6  
D i f f u s io n  h v d r o g e n  r h o d i u m  p a l l a d iu m  a l lo v  

2 8 0 4
D i f f u s io n  l i q  H i l d e b r a n d  e q u a t io n  3 0 0 7  
D i f f u s io n  m o d e l  s p u r  r a d io c h e m  1 3 5 0  
D i f f u s io n  p o l y e t h y le n e  r a d i c a l  d e c a y  4 0  
D i f f u s io n  r e c o m b i n a t i o n  g la s s  r a d i o l y s i s  

2 8 5 7
D i f f u s io n  s o d iu m  a q  s o d iu m  c h lo r i d e  2 2 3 3  
D i f f u s io n  s o d iu m  p o l y a c r y l a t e  c h l o r i d e  2 6 8 4  
D i f f u s io n  t e t r a b u t y l a m m o n i u m  h a l i d e  w a t e r  

2 5 6 7
D i f f u s io n  t h e r m a l  n e g  d e t n  2 0 0 4  
D i f f u s io n  t i t a n i u m  o x id e  g e l  p o l y e l e c t r o l y t e  

2 9 1 8
D i g i t a l  s i m u l a t i o n  e le c t r o c h e m  1 0 5 1  
D i l n  h e a t  a l k y l a m m o n i u m  b r o m id e  2 3 9 0  
D im e n s io n  u n p e r t u r b e d  c h e m  c h a in  7 8  
D i m e r  a c e t i c  a c id  2 2 9 5  
D i m e r  b e r y l l i u m  f l u o r i d e  2 1 6  
D i m e r  c h l o r i n e  o x id e  3 0 6 2  
D i m e r  h y d r o g e n  c y a n id e  h e a t  d is s o c n  1 7 6 2  
D i m e r  w a t e r  c h l o r o f o r m  N M R  2 3 6  
D i m e r i z a t i o n  c a r b o x y l i c  a c id  1 9 1 8  
D i m e r i z a t i o n  k i n e t i c s  r h o d a m in e  B  1 3 1 7  
D i m e r i z a t i o n  m e r c u r y  c h l o r i d e  k i n e t i c s  6 1 4  
D i m e r i z a t i o n  t e t r a c y a n o e t h y le n e  2 9 5 9  
D im e t h o x y e t h a n e  c h e m  s h i f t  N M R  1 0 3 8  
D i m e t h y l  s u l f o x id e  c h l o r o f o r m  c o m p le x  

e n t h a lp y  2 3 9 7
D i m e t h y l  s u l f o x id e  c h r o m i u m  c o m p le x  8 5 5  
D i m e t h y l  s u l f o x id e  p y r i d i n e  a s s o c n  2 4 4 4  
D i m e t h y l a c e t a m i d e  m i x t  k e to n e  c r y s t a l l o l u  =  

m in e s c e n c e  2 1 6 5
D i m e t h y l a n i l i n e  r a d i c a l  io n  s p e c t r a  2 4 9 0  
D i m e t h y l b u t a n e  i r r a d n  h v d r o g e n  t r a n s f e r  

2 4 1 8
D i m e t h y l u r e a  p r o t o n  e x c h a n g e  a c id  2 9 9 9  
D i n a p h t h y l e t h y l e n e  a g g r e g a t i o n  i r r a d n  8 5 9  
D i n i t r o g e n  p e n t o x id e  n i t r o g e n  d io x id e  p h o t o =  

l y s i s  1 1 5 3
D i n i t r o g e n  t e t r a f l u o r i d e  la s e r  r e a c t i o n  8 8 3  
D io x a n e  b e n z e n e  c y c lo h e x a n e  d ie le c  1 2 2 5  
D io x a n e  m e r c u r y  h a l i d e  s o ly  8 7  
D io x a n e  s o ly  s i l v e r  b r o m id e  2 5 6 4  
D io x id e  c h l o r i n e  f l a s h  p h o t o l y s is  7 4 2  
D io x id e  s u l f u r  a n io n  o x id n  1 3 6 5  
D io x id e  t i n  m a t r i x  I R  1 5 1 3  
D ip h e n y lm e t h a n e  p o l y s t y r e n e  e l e c t r o l y t i c  

c o n d u c t a n c e  2 2 1 7  
D i p o l a r  a s s o c n  l e c i t h i n  2 3 8 3  
D ip o le  i n t e r a c t i o n  c y a n o  p o l a r i z a b i l i t y  2 0 9 0  
D ip o le  m o m e n t  a m in o  a c id  2 1 9 1  
D ip o le  m o m e n t  m e t h y l  a n t h r o a t e  1 6 1 1  
D ip o le  m o m e n t  o r g  p h o s p h a te  9 2 2  
D ip o le  m o m e n t  p o l y s t y r e n e s u l f o n a t e  2 1 0 1  
D ip o le  r e o r i e n t a t i o n  b r o m o a lk a n e  2 3 2

D i p y r i d y l  r u t h e n i u m  p h o s p h o r e s c e n c e  
q u e n c h in g  8 6 1

D i p y r i d y ' l r u t h e n i u m  p h o t o o x id n  b r o m id e  
9 7 1

D i r e c t  c u r r e n t  p o la r o g  d r o p  t i m e  9 1 5  
D i s c h a r g e  la s e r  c a r b o n  m o n o x id e  2 4 5 5  
D is i l a n e  r e a c t i o n  a l k y l  r a d i c a l  1 7 4 1  
D i s k  e le c t r o d e  d i f f u s i o n  c o n t r o l l e d  e l e c t r o l y s i s  

1 0 5 1
D is p r o p o r t i o n a t i o n  p e r o x y  r a d i c a l  c u p r i c  io n  

1 1 6 9
D is s o c n  c h r o m i u m  io d id e  2 3 4 6  
D is s o c n  c o n s t  io n  p a i r  2 4 4 9  
D is s o c n  c y a n o g e n  s h o c k  w a v e  5 7 5  
D is s o c n  e n e r g y  e u r o p iu m  s i l v e r  7 0 0  
D is s o c n  e n e r g y  h a lo  p h o s p h in e  1 1 2 6  
D is s o c n  e n e r g y  m e t a l  c a r b i d e  1 3 6  
D is s o c n  e n t h a lp y  r a r e  e a r t h  io d id e  3 1 1 0  
D is s o c n  h e a t  h y d r o g e n  c y a n id e  d i m e r  1 7 6 2  
D is s o c n  io n  p a i r i n g  E S R  1 5 6 6  
D is s o c n  k i n e t i c s  d i c a r b o x y l i c  a c id  2 0 3 1  
D is s o c n  k i n e t i c s  n i t r o g e n  f l u o r i d e  1 4 7 5  
D is s o c n  t h e r m a l  t e t r a f l u o r o h y d r a z i n e  7 3 4  
D i s t r i b u t i o n  b i s m u t h  l i t h i u m  l i t h i u m  c h lo =  

r i d e  2 3 5 1
D i s u l f i d e  v i b r a t i o n a l  s p e c t r a  c o n f o r m a t io n  

1 1 2 9
D is u p e r o x id e  c e s iu m  m a t r i x  I R  1 0 6 5  
D i t h i i n  d e r i v  a n io n  E P R  1 7 1 6  
D i t h i o p h o s p h a t e  n i c k e l  x  r a y  e m is s io n  2 8 0  
D M F  a c e t o n i t r i l e  m e t h y l  s u l f o x id e  1 
D M F  m e t h y l  s u l f o x id e  a c t i v i t y  5 2 7  
D o n o r  a c c e p t o r  s o d iu m  c y a n o e t h y le n e  2 4 3 4  
D o u b le  r e s o n a n c e  e le c t r o n  e x c h a n g e  6 2 9  
D o w e x  s o d iu m  m a n g a n e s e  s y s t e m  1 2 8 8  
D r o p  t i m e  s h o r t  p o la r o g  9 1 5  
D u r e n e  lu m in e s c e n c e  U V  p h o t o s e n s i t i z a t io n  

2 4 1 1
D u r e n e  p h o t o l y s is  b i p h o t o n ic  2 8 0 8  
D u r y l  f l u o r e s c e n c e  I R  s t im u l a t e d  2 4 1 1  
D y e  b i n d i n g  p o l y e l e c t r o l y t e  1 7 7 2  
D y e  b i n d i n g  p o l y m e t h a c r y l i c  a c id  1 7 7 8  
D y e  i n d ig o  p h o t o i s o m e r iz a t i o n  2 5 8 4  
D y e  i n d ig o  s p e c t r a  8 3 1  
D y e  i n d ig o id  p h o t o s t a b i l i t y  1 2 0 4  
D y e  p o l y s t y r e n e s u l f o n i c  a c id  i n t e r a c t i o n  2 0 4  
D y e  r e d n  r a d i c a l  2 7 5 3  
D y e  t r i p l e t  s i g n a l  E S R  2 7 1 2  
E d g e  e f f e c t  p l a n a r  d i s k  e le c t r o d e  1 0 5 1  
E D T A  t r a n s i t i o n  m e t a l  p h o t o r e d o x  2 0 4 9  
E in s t e in i u m  s t d  o x id n  p o t e n t ia l  1 5 2 8  
E je c t i o n  e le c t r o n  c a p t u r e  p h e n o l i c  1 0  
E k a  g o ld  p r o p e r t y  p r e d i c t i o n  1 8 0 6  
E le c  b i r e f r i n g e n c e  p o l y s t y r e n e s u l f o n a t e  2 1 0 1  
E le c  d o u b le  l a y e r  c h e m is o r b e d  c o m p le x  

1 4 0 1
E le c  d o u b le  l a y e r  c h e m is o r b e d  o le f i n  1 4 1 1  
E le c  f i e l d  i n t e r f a c i a l  b o u n d a r y  e l e c t r o l y t e  

2 9 8 9
E le c  f i e l d  lo c a l  ic e  4 2 3  
E le c  in d u c e d  c a r r i e r  t r a n s p o r t  s y s t e m  8 4 6  
E le c  l a y e r  m e r c u r y  d i m e t h y l  s u l f o x id e  

( c o r r e c t io n )  3 1 2 4
E le c t r o c h e m  m o n i t o r  f l a s h  p h o t o l y s is  2 4 3 7  
E le c t r o c h e m  o x id n  a n i l i n e  b e n z id in e  2 4 9 0  
E l e c t r o c h e m i s t r y  m o l t e n  s a l t  1 9 8 9  
E le c t r o l y s i s  d i f f u s i o n  c o n t r o l l e d  d is k  e le c t r o d e  

1 0 5 1
E l e c t r o l y t e  a c t i v i t y  o s m o t i c  c o e f f  2 3 0 0  
E le c t r o l y t e  a c t i v i t y  p e r m s e l e c t i v i t y  m e m  =  

b r a n e  92
E l e c t r o l y t e  c o m p r e s s ib i l i t y  h y d r a t i o n  p o le m ic  

5 6 7
E le c t r o l y t e  c o n d  m e t h y l p h o s p h o t r ia m i d e  

1 2 5 8
E l e c t r o l y t e  c o n d  p r o p y le n e  c a r b o n a t e  3 0 8 9  
E le c t r o l y t e  c o n d  s u l f o la n e  m e t h y l s u l f o l a n e  

7 1 8
E l e c t r o l y t e  c o n d  s u l f u r  d i o x id e  2 1 3 3  
E le c t r o l y t e  c o n d u c t a n c e  h e x a f l u o r o p r o p a n o l  

3 6 6
E le c t r o l y t e  i n t e r f a c i a l  b o u n d a r y  e le c  f i e l d  

2 9 8 9
E le c t r o l y t e  p o l y e l e c t r o l y t e  a c t i v i t y  2 7 9 0  
E le c t r o l y t e  s o ln  P M R  1 8 6 9  
E le c t r o l y t e  t h e r m o d n  p r o p e r t y  e a le n  2 6 8  
E l e c t r o l y t i c  c o n d u c t a n c e  p o l y s t y r e n e  d ip h e  =  

n y lm e t h a n e  2 2 1 7  
E le c t r o n  a d d u c t  a c r y l i c  a c id  2 7 3 9  
E le c t r o n  b o n d  a c id  t h e o r y  3 0 0 2  
E le c t r o n  c o n d  m o l t e n  c h l o r i d e  1 9 8 9  
E le c t r o n  d e n s i t y  o x y g e n  2 4 0 7  
E le c t r o n  d o u b le  r e s o n a n c e  e x c h a n g e  6 2 9  
E le c t r o n  e je c t i o n  c a p t u r e  p h e n o l i c  c o m p d  

10
E le c t r o n  e x c h a n g e  c o b a l t  c o m p le x  2 5 7 9  
E le c t r o n  e x c h a n g e  m e t h y l p h e n a n t h r o l i n e i r o n  

2 1 6 3
E le c t r o n  h y d r a t e  i o n i z a t i o n  c o n d  6 7 4  
E le c t r o n  h y d r a t e d  i n i t i a l  y i e l d  4 2 5  
E le c t r o n  h y d r a t e d  J o h n  T e l l e r  s p l i t t i n g  

2 2 8 6
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E le c t r o n  h y d r a t e d  r a d i o l y s i s  w a t e r  7 6 5  
E le c t r o n  h y d r a t e d  s p e c t r a  c a l c n  2 6 3  
E le c t r o n  h y d r a t e d  s p u r  d i f f u s i o n  m o d e l  

1 9 2 6
E le c t r o n  h y d r a t e d  s u l f h y d r y l  r e a c t i o n  9 9 0  
E le c t r o n  h y d r a t e d  s u l f i t e  p h o t o l y s is  7 7 2  
E le c t r o n  h y d r a t e d  w a t e r  r a d i o l y s i s  2 6 9 1  
E le c t r o n  h y d r a t e d  y i e l d  d e c a y  1 8 3 8  
E le c t r o n  p e p t id e  a m in o  a c id  2 9 5 4  
E le c t r o n  p u ls e  r a d i o l y s i s  t o lu e n e  9 8 3  
E le c t r o n  r e a c t i o n  a c i c  i r r a d n  2 5 2 7  
E le c t r o n  s c a v e n g e r  b r o m o b e n z e n e  h y d r o c a r =  

b o n  r a d i o l y s i s  2 5 2 4
E le c t r o n  s c a v e n g e r  s u l f u r  h e x a f l u o r i d e  2 8 5 3  
E le c t r o n  s c a v e n g in g  h y d r o c a r b o n  r a d i o l y s i s  

9 7 8
E le c t r o n  s o d iu m  p h o t o io n iz a t i o n  m e t h y lp e n =  

ta n e  2 1 7 1
E le c t r o n  s o l v a t e d  a m m o n i a  s p e c t r a  1 3 1 1  
E le c t r o n  s o l v a t e d  H a r t r e e  F o c k  1 4 5 0  
E le c t r o n  s o l v a t e d  h e x a m e t h y lp h o s p h o r ic  

t r i a m i d e  2 4 8 3
E le c t r o n  s o l v a t e d  I R  s o ln  2 8 7 2  
E le c t r o n  s o l v a t e d  p u ls e  r a d i o l y s i s  1 3 5 0  
E le c t r o n  s o l v a t e d  r a d i a t i v e  p r o c e s s  1 0 4 0  
E le c t r o n  s o l v a t e d  s c a v e n g e r  8 9 3  
E le c t r o n  s o l v a t e d  s o l v e n t  s t r u c t u r e  7 
E le c t r o n  s o l v a t e d  u r a c i l  r e a c t i o n  1 6 7 3  
E le c t r o n  s p e c t r o s c o p y  a d s o r b e d  le a d  1 9 2 4  
E le c t r o n  t r a n s f e r  r e a c t i o n  4 8 8  
E le c t r o n  t r a n s f e r  s o d iu m  a r e n e  2 6 1 8  
E le c t r o n  t r a n s f e r  t e t r a c y a n o e t h y le n e  2 9 5 9  
E le c t r o n  t r a n s f e r  z e o l i t e  Y  2 3 0 8  
E le c t r o n  t r a p p e d  o p t i c a l  a b s o r p t i o n  1 8 0 3  
E le c t r o n i c  p r o c e s s  p u ls e  r a d i o l y s i s  1 7 1  
E le c t r o n i c  s p e c t r a  a c e to p h e n o n e  d e r i v  1 7 5 8  
E le c t r o n i c  s p e c t r a  h y d r o c a r b o n  a n io n  1 8 1 4  
E le c t r o n i c  s p e c t r a  m e t a l lo c e n e  t h e o r y  1 6 8 1  
E le c t r o n i c  s p e c t r a  u r a c i l  m a lo n a t e  4 8 2  
E le c t r o n i c  s p e c t r u m  p l a t i n u m  e t h y l e n d i a =  

m in e  3 0 7 7
E le c t r o n i c  s t r u c t u r e  s q u a r i c  a c id  3 1 4  
E le c t r o n i c  t r a n s i t i o n  h y d r o c a r b o n  s in g le t  
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E le c t r o o s m o s i s  v o l  f l o w  2 7 1 0  2 7 1 1  
E le c t r o p h o r e s i s  e l e c t r o l y t e  i n t e r f a c i a l  b o u n =  

d a r y  2 9 8 9
E le c t r o p h o r e s i s  m i g r a t i o n  m a c r o m o l  2 9 1 2  
E le c t r o s o r p t i o n  b u t a n o l  s u l f a t e  a c t i v i t y  

1 5 9 4
E l e c t r o s t a t i c  e f f e c t  p r o t o n  i o n i z a t i o n  2 8 6  
E l e c t r o s t a t i c  p o t e n t ia l  c o l l o i d  2 3 6 7  
E le m e n t  1 1 1  p r o p e r t y  p r e d i c t i o n  1 8 0 6  
E m f  g la s s  m e m b r a n e  m o l t e n  n i t r a t e  1 6 7 6  
E m is s io n  h e x a c y a n o c h r o m a t e  p h o t o r e a c t i o n  

1 3 0 7
E m is s io n  s p e c t r a  d e c a y  c u r v e s  2 0 3 8  
E m is s io n  x  r a y  s p e c t r o s c o p y  c o m p l e x  2 8 0  
E m is s io n  x  r a y  s u l f u r  r h o m b i c  7 2 1  
E n e r g y  a ld e h y d e  k e to n e  e l e c t r o r e d n  p o t e n t ia l  

3 3 6
E n e r g y  a s s o c n  n i t r a t e  s u l f a t e  2 6 7 2  
E n e r g y  b r o m in e  p y r i d i n e  c o m p le x  1 6 6 2  
E n e r g y  d is s o c n  m e t a l  c a r b id e  1 3 6  
E n e r g y  f l u o r i n e  r e a c t i o n  h y d r o g e n  d e u t e r i d e  

3 0 8 1
E n e r g y  f r e e  b i n a r y  l i q  m i x t  2 4 4 1  
E n e r g y  l e v e l  r a r e  e a r t h  3 3 9  
E n e r g y  p a r t i t i o n  c h e m i lu m in e s c e n c e  2 4 9 3  
E n e r g y  p a r t i t i o n i n g  m e t h y l c y c lo p r o p a n e  

p h o t o l y s is  7 5 9
E n e r g y  p o t e n t ia l  a d s o r p t i o n  g r a p h i t e  6 5 7  
E n e r g y  r e l a x a t i o n  c y c lo b u t a n o n e  p h o t o d is =  

s o c n  9 5 4
E n e r g y  s o lv a t e d  e l e c t r o n  1 3 1 1  
E n e r g y  s o lv a t e d  e l e c t r o n  c o n f i g u r a t i o n  1 0 4 0  
E n e r g y  t r a n s f e r  a r g o n  x e n o n  1 2 4  
E n e r g y  t r a n s f e r  b e n z e n e  t r i p l e t  1 1 0 5  
E n e r g y  t r a n s f e r  r e t i n a l  p h o t o i s o m e r iz a t i o n  

8 8 9
E n e r g y  t r a n s f e r  t r i p l e t  t r i p l e t  3 0 4 2  
E n e r g y  t r a n s f e r  v i b r a t i o n  r o t a t i o n  3 4 6  
E n e r g y  t r i p l e t  s t a t e  1 0 7  
E n r i c h m e n t  i s o to p e  c a r b o n  m o n o x id e  p h o tD =  

l y s i s  8 7 8
E n t h a l p y  b o n d  b r e a k i n g  3 0 7 1  
E n t h a l p y  c h l o r o f o r m  b i n a r y  c o m p le x  2 3 9 7  
E n t h a l p y  e n t r o p y  d is s o c n  io n  p a i r  3 1 0 0  
E n t h a l p y  i n t e r a c t i o n  m e r c u r y  a d d u c t  5 5 8  
E n t h a l p y  r a r e  e a r t h  ie d id e  3 1 1 0  
E n t h a l p y  r h e n i u m  o x id e  e q u i l  1 5 7 8  
E n t h a l p y  s o ln  o r g  w a t e r  9 5  
E n t h a l p y  s o l v e n t  e x c h a n g e  1 3 0  
E n t h a l p y  s u l f u r  f l u o r i d e  2 7 1 3  
E n t h a l p y  t e t r a b u t y l a m m o n i u m  a q  s o ln  

2 3 3 5
E n t r o p y  a d s o r p t i o n  c a r b o n  d io x id e  1 0 3  
E n t r o p y  a d s o r p t i o n  h y d r o c a r b o n  c a r b o n  

b la c k  1 3 0 1
E n t r o p y  c a r b o n y l b i s a m i n o  a c id  e s t e r  3 0 1 6  
E n t r o p y  e n t h a l p y  d is s o c n  io n  p a i r  3 1 0 0  
E n t r o p y  g la s s  t r a n s i t i o n  6 6 7

E n t r o p y  h e a t  a s s o c n  2 0 1 1  
E n t r o p y  m i x i n g  s o ln  i n t e r n a l  p r e s s u r e  2 7 9 4  
E n t r o p y  s o ln  o r g  w a t e r  9 5  
E n t r o p y  s o l v e n t  e x c h a n g e  1 3 0  
E n t r o p y  t r a n s i t i o n  m e s o m o r p h ic  a z o x y b e n z =  

e n e s  2 1 5 3
E P R  a l k a l i  m e t a l  a n t h r a q u in o n e  7 0 8  
E P R  c y a n o c y c lo p e n t y l  p h o t o l y s is  a z o b is c y a =  

n o c y c lo p e n t a n e  2 2 4 9  
E P R  d i t h i i n  d e r i v  a n io n  1 7 1 6  
E P R  h e x a t r i a c o n t y l  g a m m a  i r r a d n  2 1 8 0  
E P R  h y d r o g e n  l i t h i u m  p h o s p h a te  2 6 2 2  
E P R  h y d r o x y la t i o n  b e n z o a te  3 3 0  
E P R  i r o n  n i t r o s y l  z e o l i t e  2 9 6 4  
E P R  s u l f u r  t r i o x i d e  a n io n  1 3 6 5  
E P R  s u p e r o x id e  io n  7 8 0  
E q u a t i o n  s t a t e  h ig h  t e m p  8 2  
E q u a t i o n  s t a t e  t h e r m o d n  m i x t  2 2 1 2  
E q u i l  c o m p le x  f o r m a t i o n  8 1 3  
E q u i l  c o n s t  m e r c u r y  a d d u c t  5 5 8  
E q u i l  c o n s t  p r e s s u r e  d e p e n d e n c e  9 3 1  
E q u i l  d e c o m p n  s u l f u r  f l u o r i d e  c h l o r i d e  2 7 1 3  
E q u i l  m e l t i n g  p o l y a m id e  s a l t  3 8 9  
E q u i l  r h e n i u m  o x id e  1 5 7 8  
E r i o n i t e  h y d r o x y l  g r o u p  I R  2 1 8 3  
E S R  a c r y l i c  a c id  r a d i c a l  2 7 3 9  
E S R  a q u a  c o m p l e x  p o l y a c r y l o n i t r i l e  1 3 7 8  
E S R  a r o m  c a r b o x y la t e  r a d i c a l  6 2 0  
E S R  b a s e l in e  r a d i c a l  t e r m i n a t i o n  7 2 2  
E S R  b e n z y l  s u b s t i t u e n t  e f f e c t  1 3 6 8  
E S R  c a t i o n  r a d i c a l  s p l i t t i n g  1 8 5 3  
E S R  c h lo r i n e  t r i o x i d e  3 0 5 8  
E S R  c o p p e r  a r e n e  c o m p le x  m o n t m o r i l l o n i t e  

7 8 4
E S R  c o p p e r  h y d r a t e  1 9 6  
E S R  d i m e t h y lb u t a n e  r a d i o l y s i s  2 4 1 8  
E S R  d y e  t r i p l e t  s i g n a l  2 7 1 2  
E S R  H e is e n b e r g  s p in  e x c h a n g e  6 2 5  
E S R  h e x a m e t h y lp h o s p h o r a m id e  n i t r o b e n z e n e  

2 6 4 9
E S R  h y d r o x y a l k y l  r a d i c a l  7 7 7  1 2 8 3  
E S R  io n  p a i r i n g  d is s o c n  1 5 6 6  
E S R  m a lo n i c  a c id  r a d i c a l  2 0 5 5  
E S R  m a n g a n e s e  a n t i p y r i n e  m e t a l  c o m p le x  

9 4 5
E S R  m e t h y l  m e t h a c r v l a t e  r a d i c a l  a n io n  

1 1 6 3
E S R  n i t r o b e n z e n e  h y d r o g e n  b o n d  1 0 2 7  
E S R  n i t r o b e n z e n e  io n  p a i r  2 3 3 9  
E S R  n i t r o p y r i d i n e  o x id e  r a d i c a l  2 7 4 4  
E S R  n i t r o s a m i n e  a n io n  r a d i c a l  6 1 1  
E S R  o x id e  c o p p e r  m a g n e s iu m  1 2 4 0  
E S R  o x id e  m a n g a n e s e  c o p p e r  49  
E S R  o x o c a r b o n  a n io n  r a d i c a l  2 6 5 2  
E S R  o x y g e n  a d s o r b e d  z e o l i t e  1 6 0 6  
E S R  p e p t id e  r a d i c a l  p h o t o l y s is  1 9 4 4  
E S R  p e r f lu o r o s u c c i n a t e  r a d i c a l  1 4 9 1  
E S R  p h o t o l y s is  a q  s u l f i t e  7 7 2  
E S R  p h o t o l y s is  s u r f a c e  m e t h o x id e  2 8 3 7  
E S R  p i p e r i d o n e o x y  h y p e r f in e  s p l i t t i n g  72  
E S R  p o l y s t y r e n e  n i t r o x i d e  r a d i c a l  1 6 3 5  
E S R  p y r i d i n e  d e r i v  r a d i c a l  2 0 7 6  
E S R  r a d i c a l  c h l o r o o l e f i n  p h o t o l y s is  1 8 1 9  
E S R  r a d i c a l  f u r a n  r a d i o l y s i s  4 5 6  
E S R  r e d u c e d  m o l y b d o v a n a d o p h o s p h o r i c  

a c id  2 8 9 6
E S R  s i l i c a  a d s o r b e d  r a d i c a l  4 5 3  
E S R  s o a p  f i l m  v i s c o s i t y  3 0 2 0  
E S R  s p in  t r a p  r a d i c a l  1 3 9  
E S R  s u l f a n y l  r a d i c a l  s o ln  2 6 4 5  
E S R  s u l f u r i c  a c id  i r r a d n  1 2 2 2  
E S R  t e t r a c y a n o e t h y le n e  c r o w n  e t h e r  2 9 5 9  
E S R  V y c o r  g la s s  r a d i c a l  1 0 2 3  
E S R  x a n t h e n e  g a m m a  i r r a d i a t i o n  1 1 0 2  
E S R  z e o l i t e  o x y g e n  r a d i c a l  9 2 5  
E s t e r  a l ip h  a c id  p h o t o l y s is  d e c a r b o x y la t i o n  

1 4 8 2
E s t e r  c h o l e s t e r y l  g r o w t h  s p h e r u l i t e  3 9 6  
E s t e r  h y d r a t e d  p r o t o n  p e n e t r a t i o n  1 9 9 4  
E s t e r  p h o s p h a te  h y d r o x y l  r a d i c a l  r e a c t i o n  

2 4 2 5
E t h a n e  f l u o r o  c y c l o t r o n  r e s o n a n c e  1 4 8  
E t h a n e  f l u o r o  e x c i t e d  d e h y d r o f l u o r i n a t i o n  

7 2 5
E t h a n e  io n  p a i r  s o ln  9 5  
E t h a n e  r e a c t i o n  o x y g e n  s in g le t  8 6 3  
E t h a n e  s u b s t i t u t e d  N M R  s h i f t  1 5 9 0  
E t h a n e t h i o l  r o t a t i o n  f a r  I R  1 9 7 7  
E t h a n o l  a m m o n i u m  s u l f a t e  b e n z e n e  w a t e r  

2 1 9 6
E t h a n o l  a q  p o la r o n  d i f f u s i o n  1 7 1 1  
E t h a n o l  s o ly  i n e r t  g a s  2 0 1 1  
E t h a n o l  s o ly  s i l v e r  b r o m id e  2 5 6 4  
E th e n e  f l u o r o  c y c l o t r o n  r e s o n a n c e  1 4 8  
E t h e n e  f l u o r o  f l u o r i n a t i o n  k i n e t i c s  1 1 9 3  
E t h e r  a m m o n ia  l i t h i u m  s o l v a t i o n  2 8 8 8  
E t h e r  b u t a n o l  c o m p r e s s e d  g a s  s o ly  2 0 1 6  
E t h e r  b u t y l  c o m p l e x  d e u t e r a t e d  c h l o r o f o r m  

2 0 8 5
E t h e r  f l u o r i n a t e d  s u r f a c e  p r o p e r t y  2 3 2 4  
E t h e r  h y d r o c a r b o n  s o l v a t i o n  t r a n s f e r  2 6 9 4  
E t h e r  m a c r o c y c l i c  p o l y  E S R  6 2 5

E t h o x y  c a t i o n  r a d i c a l  E S R  1 8 5 3  
E t h o x y l & t i o n  d e g r e e  K r a f f t  p o in t  3 7 8  
E t h y l  r a d i c a l  E S R  4 5 3  
E t h y l  r e a c t i o n  s i la n e  A r r h e n i u s  1 7 4 1  
E t h y l  v i n y l  e t h e r  c o p o l y m e r  d is s o c n  5 3 9  
E t h y le n e  c o p o l y m e r  d is s o c n  m a le i c  a c id  5 3 9  
E t h y le n e  c y a n o  s o d iu m  p h o t o c o n d  2 4 3 4  
E t h y le n e  g l y c o l  p u ls e  r a d i o l y s i s  16  
E t h y le n e  p h o t o e le c t r o n  s p e c t r a  2 3 5 8  
E t h y le n e  s t y r e n e  c y c lo b u t a n e  p h o t o ly s is  

2 6 0 9
E t h y le n e  t h i e t a n e  p h o t o l y s is  U V  4 3 4  
E t h y le n e d ia m . n e  c h l o r i d e  s o ly  5 3 3  
E t h y le n e d ia m . n e  c h r o m i u m  c o m p le x  N M R  

3 5 5
E t h y le n e d ia m . n e  c h r o m i u m  p h o s p h o r e s c e n c e  

q u e n c h in g  2 6 1 4
E t h y l e n e d i a m m e  c o b a l t  p h o s p h a te  c o m p le x  

6 3 7
E t h y l e n e d i a m . n e  p l a t i n u m  b r o m o  c o m p le x  

3 0 7 7
E t h y l e n e d i a m i n e c h r o m i u m  p h o t o c h e m  

e x c i t e d  s t a _.e  2 9 4 7
E t h y n y l  c o p p e r  p o l y m e r  p h o t o c o n d  2 6 7 7  
E u r o p iu m  s i l v e r  c o m p d  h e a t  f o r m a t i o n  7 0 0  
E u r o p iu m  s t d  o x id n  p o t e n t ia l  1 5 2 8  
E x c h a n g e  c h l c r i d e  c h lo r i n e  N M R  2 1 4 9  
E x c h a n g e  c o o r d in a t i o n  s p h e r e  c h r o m i u m  

8 5 5
E x c h a n g e  e le c t r o n  c o b a l t  c o m p le x  2 5 7 9  
E x c h a n g e  e le c t r o n  m e t h y l p h e n a n t h r o l i n e i r o n  

2 1 6 3
E x c h a n g e  H e is e n b e r g  s p in  E S R  6 2 5  
E x c h a n g e  h y d r o g e n  p r o p e n e  t o l u e n e s u l f o n i c  

a c id  2 9 9
E x c h a n g e  n u c le a r  s p in  d o u b le  r e s o n a n c e  

6 2 9
E x c h a n g e  r a t e  p r o t o n  h e x a m m i n e r u t h e n i u m  

9 6 0
E x c h a n g e  r e a c t i o n  b e n z e n e  f u e l  c e l l  2 7 8 3  
E x c i m e r  t r i p l e t  q u e n c h in g  p o r p h y r i n  1 5 4  
E x c i p l e x  t r i p l e t  i n t e r s y s t e m  c r o s s in g  2 8 3 1  
E x c i t e d  f l u o r o  e th a n e  d e h y d r o f l u o r i n a t i o n  

7 2 5
E x c i t e d  s t a t e  e t h y l e n e d i a m i n e c h r o m i u m  

p h o t o r h e m  2 9 4 7
E x c i t e d  s t a t e  f lu o r e s c e n c e  i o n i z a t i o n  c o n s t  

1011
E x c i t e d  s t a t e  h e x a c y a n o c h r o m a t e  p h o t o r e a c  =  

t i o n  1 3 0 7
E x c i t e d  s t a t e  s p l i t t i n g  h y d r a t e d  e le c t r o n  

2 2 8 6
E x c i t o n  o p t i c a l  a c t i v i t y  h e l i x  1 6 5 3  
E x p  6  i n t e r m o l  p o t e n t ia l  2 6 6 8  
E x p a n s io n  s u p e r c o o le d  w a t e r  3 0 9 2  
E x p lo s io n  h y d r o g e n  n i t r o g e n  s u l f u r  f l u o r i d e  

8 8 3
E x t n  i o n  p a i r  p a r t i t i o n  2 6 9 4  
E x t n  s o l v e n t  i n d i u m  1 4 9 7  
F a c t o r  a n a l y s i s  I R  s p e c t r a  2 0 8 5  
F e n t o n  r e a g e n t  h y d r o x y la t i o n  b e n z o a te  3 3 0  
F e r m i  r e s o n a n c e  a n i l i n e  I R  2 0 8 1  
F e r m i  r e s o n a n c e  w a t e r  s t r u c t u r e  2 1 0 8  
F e r m iu r r .  s t d  c x id n  p o t e n t ia l  1 5 2 8  
F i e l d  e le c  l o c a l  ic e  4 2 3  
F i l m  b u r s t i n g  v e l o c i t y  a t m  1 6 9 2  
F i l m  s o a p  v i s c o s i t y  E S R  3 0 2 0  
F l a s h  p h o t o l y s is  a r o m  s u l f u r  1 4 7 8  
F l a s h  p h o t o l y s is  c a r b o n  t r i o x i d e  1 1 1 1  
F l a s h  p h o t o l y s is  c h l o r i n e  d io x id e  7 4 2  
F l a s h  p h o t o l y s is  h a lo  p h o s p h in e  1 1 2 6  
F l a s h  p h o t o l y s is  i r o n  o x a la t e  c o m p le x  2 4 3 7  
F la s h  p h o t o l y s is  o r o t i c  a c id  1 1 9 9  
F la s h  p h o t o l y s is  p h e n y l a l k y l e a r b o x y l i c  a c id  

2 2 6 7
F l o w  e le c t r o o s m o s is  2 7 1 0  2 7 1 1  
F l u i d  m u l t i c o m p o n e n t  c r i t  p o i n t  2 1 9 6  
F l u i d i t y  s t r u c t  a re  l i q  p o le m ic  1 4 7 1  
F l u i d i t y  w a t e r  u r e a  c o n c n  3 7 0  
F lu o r e s c e n c e  a r e n e  s u r f a c t a n t  m i c e l le  1 1 9 1  
F lu o r e s c e n c e  b e n z e n e  a lk a n e  f i l m  1 6 1 6  
F lu o r e s c e n c e  c i r c u l a r l y  p o la r i z e d  p y r a z o l i n y l  

1 8 1 7
F lu o r e s c e n c e  c y c lo a l k a n o n e  1 8 3 0  
F lu o r e s c e n c e  d e c a y  c u r v e  d e c o n v o lu t i o n  

2 0 3 8
F lu o r e s c e n c e  d u r y l  I R  s t im u l a t e d  2 4 1 1  
F lu o r e s c e n c e  h y d r o x y c a r b o n i u m  io n  2 2 7 6  
F lu o r e s c e n c e  i n d ig o  d y e  8 3 1  
F lu o r e s c e n c e  i o n i z a t i o n  c o n s t  e x c i t e d  s t a t e  

1011
F lu o r e s c e n c e  lo s s  b ip h o t o n ic  o h o t o c h e m  

2 8 0 8
F lu o r e s c e n c e  m e t h y l  a n t h r o a t e  s o l v e n t  1 6 1 1  
F lu o r e s c e n c e  n e o d y m iu m  g la s s  c e r a m i c  

1 0 1 6
F lu o r e s c e n c e  n e o d y m iu m  la s e r  l i q  1 3 7 0  
F lu o r e s c e n c e  p o l y ly s i n e  6 4 8  
F lu o r e s c e n c e  q u e n c h in g  a n o s o le  h y d r o q u in o n e  

1 3 4 5
F lu o r e s c e n c e  q u e n c h in g  a r o m  c o m p d  5 6 2  
F lu o r e s c e n c e  q u e n c h in g  b ip h e n y l  1 2 0 7
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F lu o r e s c e n c e  s p e c t r u m  d y e  p o l y e l e c t r o l y t e  
1 7 7 2

F lu o r e s c e n c e  s t y r y l p y r i d i n e  s o lv e n t  p r o t o n a =  
t i o n  6 0 5

F l u o r i d e  a l u m i n u m  t h a l l i u m  m a s s  s p e c t r u m  
1 5 9 9

F l u o r i d e  b e r y l l i u m  c o m p le x  s p e c t r a  2 1 6  
F l u o r i d e  b o r o n  a m in e  r e a c t i o n  1 0 9 3  
F l u o r i d e  h y d r o x y a p a t i t e  a q  r e a c t i o n  1 7 0 4  
F l u o r i d e  n i t r o g e n  d is s o c n  k i n e t i c s  1 4 7 5  
F l u o r i d e  n i t r o g e n  s h o c k  w a v e  2 8 2 3  
F l u o r i d e  s u l f u r  m a s s  s p e c t r o m e t r y  8 9 7  
F l u o r i d e  t h o r i u m  c o m p le x  R a m a n  s p e c t r a  

2 6 5 4
F l u o r i d e  u r a n i u m  g r a p h i t e  e q u i l  2 7 9 9  
F l u o r i d e  y t t r i u m  m a t r i x  I R  4 6 6  
F l u o r i d e  z i r c o n iu m  c o m p le x  R a m a n  1 3 8 4  
F l u o r i n a t e d  e t h e r  s u r f a c e  p r o p e r t y  2 3 2 4  
F l u o r i n a t i o n  f l u o r o e t h a n e  k i n e t i c s  1 1 9 3  
F l u o r i n e  a t o m  h y d r o c a r b o n  c h e m i lu m in e s =  

c e n c e  2 4 9 3
F l u o r i n e  a t o m  h y d r o g e n  a b s t r a c t i o n  3 0 1  
F l u o r i n e  g r a p h i t e  a t o m  m o l  6 9 0  
F l u o r i n e  h y d r o g e n  d e u t e r i d e  r e a c t i o n  c a l c n  

3 0 8 1
F l u o r i n e  h y p e r f in e  c o u p l i n g  f l u o r o b e n z y l  

2 8 7 7
F l u o r i n e  r e a c t i o n  p e r h a lo m e ' . h a n e  k i n e t i c s  

1 7 4 8
F l u o r o  b e n z e n e  h y d r a t e d  e le c t r o n  r e a c t i o n  

7 4 9
F l u o r o  c h lo r o  p h o s p h in e  U V  1 1 2 6  
F l u o r o  e th a n e  e x c i t e d  d e h y d r o f l u o r i n a t i o n  

7 2 5
F l u o r o  v i n y l i u m  L C A O  M O  4 9 4  
F l u o r o a c e t i c  a c id  p o l y g l u t a m a t e  o r i e n t a t i o n  

2 9 2 5
F lu o r o a z o m e t h a n e  p h o t o l y s is  1 3 3 5  
F l u o r o b e n z y l  f l u o r i n e  h y p e r f in e  c o u p l i n g  

2 8 7 7
F lu o r o b u t a n e  e x c i t e d  d e h y d r o f l u o r i n a t i o n  

2021
F l u o r o c a r b o n  i o n  c y c l o t r o n  r e s o n a n c e  1 4 8  
F lu o r o c y c lo h e x a n e  e le c t r o n  s c a v e n g in g  9 7 8  
F l u o r o e t h a n e  d e h y d r o f l u o r i n a t i o n  i s o to p e  

e f f e c t  3 0 7
F l u o r o m e t h y l  g a s  r a d i c a l  E S R  1 3 9  
F l u o r o m e t h y l  r a d i c a l  r e a c t i o n  k i n e t i c s  1 3 3 5  
F l u o r o p r o p a n e  a c t i v a t e d  d e h y d r o f l u o r i n a t i o n  

2021
F o r c e  c o n s t  b o r a n e  t r i m e t h y l p h o s p h i n e  1 9 7 2  
F o r c e  c o n s t  b r o m in e  p y r i d i n e  c o m p le x  1 6 6 2  
F o r c e  c o n s t  c a l c n  is o to p e  e f f e c t  2 7 7 0  
F o r c e  c o n s t  g a l l i u m  i n d i u m  o x id e  2 5 3 7  
F o r m a ld e h y d e  p h o t o c h e m i s t r y  2 4 6 9  
F o r m a ld e h y d e  t h i o  M O  2 7 7  
F o r m a t i o n  c o n s t  c h a r g e  t r a n s f e r  c o m p le x  

2 5 4 5
F o r m a t i o n  c o n s t  m a g n e s iu m  p y r o p h o s p h a t e  

2 3 1 8
F o r m a t i o n  e n t h a lp y  r a r e  e a r t h  io d id e  3 1 1 0  
F o r m a t i o n  h e a t  c a r b o n  t e t r a c h l o r i d e  2 7 0 7  
F o r m a t i o n  h e a t  e u r o p iu m  s i l v e r  c o m p d  7 0 0  
F o r m a t i o n  h e a t  o x y g e n  o r g  c o m p d  1 6 8 7  
F o r m a t i o n  h e a t  r h e n i u m  o x id e  1 5 7 8  
F o r m a t i o n  h e a t  s i l i c o n  o x id e  n i t r i d e  9 7 0  
F o r m a t i o n  h e a t  s u l f u r  f l u o r i d e  8 9 7  
F o r m i c  a c id  d e c o m p n  c a t a l y s t  1 7 1 9  
F o r m y l  g a s  r a d i c a l  E S R  1 3 9  
F r a g m e n t  y i e l d  b u t a n e  r a d i o l y s i s  7 5 5  
F r e e  e n e r g y  a c t i v a t i o n  io n  d e h y d r a t i o n  1 2 4 5  
F r e e  e n e r g y  b i n a r y  l i q  m i x t  2 4 4 1  
F r e e  e n e r g y  h y d r a t e d  io n  s o ln  ( c o r r e c t io n )  

3 1 2 4
F r e e  e n e r g y  s o ln  o r g  w a t e r  9 5  
F r e e  r a d i c a l  s c a v e n g in g  r a d i o l y s i s  1 6 7  
F r e q u e n c y  f a c t o r  s i la n e  a l k y l  1 7 4 1  
F r e q u e n c y  f a c t o r  s i la n e  m e t h y l  1 7 3 4  
F u e l  c e l l  e x h a n g e  r e a c t i o n  b e n z e n e  2 7 8 3  
F u m a r a t e  h y d r a t e  e le c t r o n  c o n d  6 7 4  
F u r a n  n i t r o  p u ls e  r a d i o l y s i s  1 1 8 7  
F u r a n  r a d i o l y s i s  r a d i c a l  E S R  4 5 6  
G  f a c t o r  c o p p e r  w a t e r  1 9 6  
G a l l i u m  o x id e  I R  2 5 3 7  
G a m m a  E S R  t r a p p e d  h y d r o g e n  2 6 2 2  
G a m m a  i r r a d i a t i o n  x a n t h e n e  E S R  1 1 0 2  
G a m m a  i r r a d n  E P R  h e x a t r i a c o n t y l  2 1 8 0  
G a m m a  i r r a d n  n i t r o u s  o x id e  1 1 7 6  
G a m m a  n i c k e l  6 0  r a n d o m n e s s  3 1 1 4  
G a m m a  r a d i o l y s i s  a c id  e le c t r o n  2 5 2 7  
G a m m a  r a d i o l y s i s  m e r c u r y  c h l o r i d e  6 1 4  
G a m m a  r a d i o l y s i s  m e t h y lp e n t a n e  y i e l d  

2 8 6 4
G a m m a  r a d i o l y s i s  w a t e r  e l e c t r o n  2 6 9 1  
G a m m a  r a d i o l y s i s  w a t e r  y i e l d  7 6 5  
G a s  a d s o r p t i o n  g o ld  f i l m  1 8 4 9  
G a s  e f f e c t  w a t e r  p H  8 2 6  
G a s  i n t e r a c t i o n  e n e r g y  g o ld  1 9 6 9  
G a s  l i q  s o l u b i l i t y  t h e o r y  4 1 3  
G a s  m o d e r a t o r  h o t  d e u t e r i u m  1 3 1 9  
G a s  m o n o la y e r  t r a n s p o r t  t h e o r y  3 0 2 4  
G a s  p h a s e  i o n  w a t e r  i n t e r a c t i o n  2 7 3 6

G a s  t r a n s p o r t  l i q  m e m b r a n e  r e a c t i o n  2 2 0 1  
G a s  w a t e r  s h i f t  r e a c t i o n  4 4 7  
G e l  d i f f u s i o n  t i t a n i u m  o x id e  2 9 1 8  
G e r m a n e  io n  m o l  r e a c t i o n  3 0  
G e r m a n e  m e t h y l  m i c r o w a v e  s p e c t r a  2 2 7  
G e r m a n i u m  b in d in g  e n e r g y  9 6 4  
G ib b s i t e  s o l v o l y s i s  a q  h y d r o x id e  2 9 4 2  
G la s s  c e r a m i c  f lu o r e s c e n c e  n e o d y m iu m  1 0 1 6  
G la s s  i n o r g  p u ls e  r a d i o l y s i s  2 8 5 7  
G la s s  m e m b r a n e  e m f  m o l t e n  n i t r a t e  1 6 7 6  
G la s s  t r a n s i t i o n  t h e r m o d n  6 6 7  
G la s s  V y c o r  r a d i c a l  E S R  1 0 2 3  
G lo b u la r  m o l  h e a t  m i x i n g  1 6 7 9  
G lu t a m a t e  p o l y b e n z y l  n i t r o x i d e  l a b e le d  1 8 2  
G lu t a m a t e  p o l y b e n z y l  t r a n s i t i o n  t h e r m o d n  

1 1 3 9
G lu t a m i c  c y s t e in e  c o p o l y m e r  c o n f o r m a t io n  

2 7 5 9
G lu t a m i n e  p e p t id e  p o l y e l e c t r o l y t e  t r a n s i t i o n  

2 4 2
G ly c in e  e l e c t r o n  r e a c t i o n  r a d i o l y s i s  2 5 2 7  
G ly c in e  p h e n y l  f l a s h  p h o t o l y s is  1 6 2 0  
G ly c o l  e t h y le n e  p u ls e  r a d i o l y s i s  16  
G ly m e  c o m p le x  t e t r a p h e n y l b o r o n  g l y m e  

v i s c o s i t y  2 3 7 7
G o ld  a l lo y  h y d r o g e n  d i f f u s i o n  8 5 0  
G o ld  a l u m i n u m  c a r b id e  d is s o c n  e n e r g y  1 3 6  
G o ld  b o n d  e n e r g y  i n t e r m e t a l l i c  c o m p d  2 0 0 8  
G o ld  f i l m  g a s  a d s o r p t i o n  1 8 4 9  
G o ld  i n t e r a c t i o n  e n e r g y  g a s  1 9 6 9  
G o ld  z e r o  c h a r g e  p o t e n t ia l  2 7 8 7  
G r a p h i t e  a d s o r p t i o n  p o t e n t ia l  e n e r g y  6 5 7  
G r a p h i t e  c a r b o n  1 3  N M R  6 8  
G r a p h i t e  f l u o r i n e  a t o m  m o l  6 9 0  
G r a p h i t e  u r a n i u m  f l u o r i d e  e q u i l  2 7 9 9  
G r a p h i t e  v a p o r  c a r b o n  m o l  r e a c t i o n  1 0 8 3  
G r a v i t y  d r o p  t i m e  p o la r o g  9 1 5  
G r o u p  c o n t r i b u t i o n  s u r f a c e  a r e a  2 6 9 4  
G r o u p  I V  c o m p d  b i n d i n g  e n e r g y  9 6 4  
G r o u p  V I I I  m e t a l  s u r f a c e  h y d r o x y l  3 0 5 2  
G r o w t h  p a r t i c u l a t e  a m m o n i u m  c h l o r i d e  4 4 4  
G r o w t h  s p h e r u l i t e  c h o le s t e r y l  e s t e r  3 9 6  
H a l id e  a l k a l i  m e t a l  m e m b r a n e  9 2  
H a l id e  a m m o n i u m  v a c u u m  s u b l im a t i o n  9 4 0  
H a l id e  d e h y d r a t i o n  k i n e t i c s  t h e o r  1 2 4 5  
H a l id e  h y d r o g e n  h y d r o x y l  k i n e t i c s  1 9 4 8  
H a l id e  m e r c u r y  s o ly  o r g  8 7  
H a l id e  m e t a l  h e x a m e t h y lp h o s p h o r a m id e  

N M R  1 8 9
H a l id e  p e r c h l o r a t e  c o n d  3 0 8 9  
H a l id e  p r o b e  p o l y p e p t i d e  N M R  2 7 5 9  
H a l id e  p y r o c a t e c h o l  c o m p le x  1 7 9 5  
H a l id e  s i l v e r  a c e t a t e  s o ly  1 
H a l id e  s i l v e r  p r o p i o n i t r i l e  c o m p le x  3 0 0 2  
H a l id e  s p e c t r a  w a t e r  s t r u c t u r e  3 0 7 1  
H a lo  p h o s p h in e  f l a s h  p h o t o l y s is  1 1 2 6  
H a lo b u t a n e  e le c t r o n  t r a n s f e r  a r e n e  2 6 1 8  
H a lo c a r b o n  c o a t i n g  r e c o m b i n a t i o n  b r o m in e  

1 0 6 0
H a l o f e r r a t e  l a u r y l a m m o n i u m  a c t i v i t y  5 1 6  
H a lo m e t h a n e  c r o s s e d  b e a m  r e a c t i o n  5 6 9  
H a lo m e t h a n e  e x c i t e d  i o d in e  r e a c t i o n  1 5 8 5  
H a l o u r a c i l  r a d i o l y s i s  u r a c i l y l  r a d i c a l  1 8 8 8  
H a r d  s p h e r e  t h e r m o d n  a q  s o ln  2 4 7 9  
H a r n e d  r u l e  c o e f f  c o n c n  c e l l  1 5 4 0  
H a r t r e e  F o c k  c a l c n  b o n d  f u n c t i o n  1 9 8 3  
H a r t r e e  F o c k  s o l v a t e d  e le c t r o n  1 4 5 0  
H e a t  a d s o r p t i o n  h y d r o c a r b o n  c a r b o n  b la c k  

1 3 0 1
H e a t  b r o m i n a t i o n  c a r b o n  t e t r a c h l o r i d e  2 7 0 7  
H e a t  c a p a c i t y  s u p e r c o o le d  w a t e r  3 0 9 2  
H e a t  d i l n  a l k y l a m m o n i u m  b r o m id e  2 3 9 0  
H e a t  d i m e r i z a t i o n  w a t e r  2 3 6  
H e a t  d is s o c n  h y d r o g e n  c y a n id e  d i m e r  1 7 6 2  
H e a t  e v o lu t io n  p e n t a n e d io n e  o s c i l l a t i n g  

r e a c t i o n  3 1 2 2
H e a t  f o r m a t i o n  c o m p le x  m o l  2 2 9 0  
H e a t  f o r m a t i o n  e u r o p iu m  s i l v e r  c o m p d  7 0 0  
H e a t  f o r m a t i o n  o x y g e n  o r g  c o m p d  1 6 8 7  
H e a t  f o r m a t i o n  s i l i c o n  o x id e  n i t r i d e  9 7 0  
H e a t  f o r m a t i o n  s u l f u r  f l u o r i d e  8 9 7  
H e a t  h y d r o g e n  b o n d  p e p t id e  2 4 0 1  
H e a t  m i x i n g  b e n z e n e  t r i a l k y l a m i n e  3 1 0 7  
H e a t  m i x i n g  c e s iu m  l i t h i u m  c h l o r i d e  2 1 3 7  
H e a t  m i x i n g  g l o b u l a r  m o l  1 6 7 9  
H e a t  m i x i n g  p o l y m e r  s o ln  2 9 7 7  
H e a t  m i x i n g  s o ln  i n t e r n a l  p r e s s u r e  2 7 9 4  
H e a t  s o ln  m e r c u r y  h a l id e  8 7  
H e a t  s o ln  u r a n i u m  2 7 9 9  
H e a t  t r a n s f e r  m e t h y l  s u l f o x id e  1 7 9 7  
H e a v y  w a t e r  d i f f u s io n  6 8 5  
H e a v y  w a t e r  h e a t  d i l n  a l k y l a m m o n i u m  

2 3 9 0
H e a v y  w a t e r  s o ly  o r g  9 5  
H e a v y  w a t e r  s p in  l a t t i c e  r e l a x a t i o n  2 4 8 7  
H e is e n b e r g  s p in  e x c h a n g e  E S R  6 2 5  
H e l iu m  d i f f u s i o n  c h l o r o t r i f l u o r o m e t h a n e  

7 0 3
H e l iu m  g r o u p  g a s  a d s o r p t i o n  6 5 7  
H e l iu m  m o d e r a t o r  h o t  d e u t e r i u m  1 3 1 9  
H e l iu m  s o ly  a q  s o d iu m  c h l o r i d e  2 0 1 9  
H e l iu m  s o ly  s o d iu m  c h lo r i d e  p o le m ic  2 9 2 8

H e l i x  c o i l  t r a n s i t i o n  p o l y p e p t i d e  t h e r m o d n  
1 1 3 9

H e l i x  o r i e n t e d  o p t i c a l  a c t i v i t y  1 6 5 3  
H e n r y  l a w  m o l a l  v o l  2 0 1 9  
H e p t a n o l  a s s o c n  5 4 8
H e t e r o c y c le  n i t r o g e n  h y d r o x y l  r e a c t i o n  1 6 2 9  
H e t e r o n u c le a r  r e c o m b i n a t i o n  i o d in e  c h l o r i d e  

4 3 0
H e t e r o p o l y  m o ly b d o v a n a d o p h o s p h o r i c  a c id  

E S R  2 8 9 6
H e x a c y a n o c h r o m a t e  p h o t o r e a c t i o n  e x c i t e d  

s t a t e  1 3 0 7
H e x a f l u o r o p r o p a n o l  e l e c t r o l y t e  c o n d u c t a n c e  

3 6 6
H e x a m e t h y lp h o s p h o r a m id e  m e t a l  h a l id e  

N M R  1 89
H e x a m e t h y lp h o s p h o r a m id e  n i t r o b e n z e n e  

e q u i l  1 0 2 7
H e x a m e t h y lp h o s p h o r a m id e  n i t r o b e n z e n e  

E S R  2 6 4 9
H e x a m e t h y lp h o s p h o r i c  t r i a m i d e  s o lv a t e d  

e le c t r o n  2 4 8 3
H e x a m m in e r u t h e n i u m  D r o t o n  e x c h a n g e  r a t e  

9 6 0
H e x a t r i a c o n t y l  E P R  g a m m a  i r r a d n  2 1 8 0  
H e x a t r i a c o n t a n e  r a d i o l y s i s  E P R  2 1 8 0  
H e x y l  r a d i c a l  i s o m e r i z a t i o n  k i n e t i c s  2 9 3 8  
H i l d e b r a n d  e q u a t io n  d i f f u s i o n  v i s c o s i t y  

3 0 0 7
H o le  c o n d  m o l t e n  c h l o r i d e  1 9 8 9  
H o le  i n je c t i o n  o z o n e  c o m p le x  5 5 6  
H o t  a t o m  c a r b o n  r e a c t i o n  2 5 9 8  
H o t  a t o m  r e a c t i o n  t r i t i u m  c y c lo b u t a n o n e  
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H o t  a t o m  r e a c t i o n  t r i t i u m  h y d r o c a r b o n  

2 4 6 4
H o t  d e u t e r i u m  g a s  m o d e r a t o r  1 3 1 9  
H y d r a t e  e le c t r o n  i o n i z a t i o n  c o n d  6 7 4  
H y d r a t e  m a g n e s iu m  c h l o r a t e  s y s t e m  6 4 0  
H y d r a t e d  c o p p e r  s t e r e o c h e m  s i l i c a t e  1 9 6  
H y d r a t e d  e le c t r o n  f l u o r o  b e n z e n e  r e a c t i o n  

7 4 9
H y d r a t e d  e le c t r o n  i n i t i a l  y i e l d  4 2 5  
H y d r a t e d  e le c t r o n  J o h n  T e l l e r  s p l i t t i n g  

2 2 8 6
H y d r a t e d  e le c t r o n  r a d i o l y s i s  w a t e r  7 6 5  
H y d r a t e d  e le c t r o n  s p e c t r a  c a l c n  2 6 3  
H y d r a t e d  e le c t r o n  s p u r  d i f f u s i o n  m o d e l  

1 9 2 6
H y d r a t e d  e le c t r o n  s u l f h y d r y l  r e a c t i o n  9 9 0  
H y d r a t e d  e le c t r o n  s u l f i t e  p h o t o l y s is  7 7 2  
H y d r a t e d  e le c t r o n  w a t e r  r a d i o l y s i s  2 6 9 1  
H y d r a t e d  e le c t r o n  y i e l d  d e c a y  1 8 3 8  
H y d r a t e d  io n  s o ln  f r e e  e n e r g y  ( c o r r e c t io n )  

3 1 2 4
H y d r a t e d  p r o t o n  a s s o c n  o x y g e n  c o m p d  1 9 9 7  
H y d r a t e d  p r o t o n  p e n e t r a t i o n  e s t e r  1 9 9 4  
H y d r a t i o n  h y d r o p h o b i c  t e t r a b u t y l a m m o n i u m  

b r o m id e  2 3 3 5
H y d r a t i o n  io n  c o m p r e s s ib i l i t y  p o l e m i c  5 6 7  
H y d r a t i o n  i o n ic  p o t e n t ia l  p o le m ic  1 5 9 8  
H y d r a t i o n  p r o t o n  m ix e d  s o l v e n t  2 6 8 1  
H y d r a z o ie  a c id  U V  p h o t o l y s is  1 1 9 5  
H y d r i d e  n i t r i c  o x id e  r e a c t i o n  2 5 9 4  
H y d r i d e  t r a n s f e r  c a t i o n  m o l  r e a c t i o n  2 8 4 1  
H y d r o c a r b o n  a d s o r p t i o n  g r a p h i t i z e d  c a r b o n  

b la c k  1 3 0 1
H y d r o c a r b o n  a d s o r p t io n  z e o l i t e  c r y s t a l  c e l l  

2 3 6 4
H y d r o c a r b o n  a n io n  e l e c t r o n i c  s p e c t r a  1 8 1 4  
H y d r o c a r b o n  c o n ju g a t e d  s p e c t r a  c a l c n  1 1 4  
H y d r o c a r b o n  c o n ju g a t e d  t r a n s i t i o n  t h e o r y  
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H y d r o c a r b o n  f l u o r i n e  a t o m  c h e m i lu m i n e s =  

c e n c e  2 4 9 3
H y d r o c a r b o n  h o t  a t o m  r e a c t i o n  t r i t i u m  

2 4 6 4
H y d r o c a r b o n  m o l  p o l a r i z i b i l i t y  2 5 5 2  
H y d r o c a r b o n  r a d i o l y s i s  b r o m o b e n z e n e  

e le c t r o n  s c a v e n g e r  2 5 2 4  
H y d r o c a r b o n  r a d i o l y s i s  e l e c t r o n  s c a v e n g in g  

9 7 8
H y d r o c a r b o n  r e a c t i o n  o x y g e n  s i n g le t  8 6 3  
H y d r o c a r b o n  s o l v a t i o n  t r a n s f e r  e t h e r  2 6 9 4  
H y d r o c a r b o n  s o ly  e t h a n o l  2 0 1 1  
H y d r o c a r b o n  s p in  l a t t i c e  r e l a x a t i o n  1 1 3 4  
H y d r o c a r b o n s  r a d i o l y s i s  s u l f u r  h e x a f l u o r i d e  

2 8 5 3
H y d r o c h l o r i c  a c id  a c i d i t y  b u f f e r  2 6 8 1  
H y d r o c h l o r i c  a c id  a m m o n ia  h y d r o g e n  b o n d  

1 6 4 9
H y d r o c h l o r i c  a c id  d i f f u s i o n  a l k a l i  c h lo r i d e  

9 3 4
H y d r o c h l o r i c  a c id  p o t a s s iu m  c h lo r i d e  e m f  

1 5 4 0
H y d r o c h l o r i c  a c id  w a t e r  c o m p le x  5 7  
H y d r o c y a n i c  a c id  g a s  r e a c t i o n  1 3 2 9  
H y d r o f l u o r i c  a c id  i o n i z a t i o n  8 2 2  
H y d r o g e n  a b s o r b e d  c h e m is o r b e d  p a l l a d iu m  

2 6 2 8
H y d r o g e n  a b s o r p t i o n  r h o d i u m  a l lo y  3 5  
H y d r o g e n  a b s t r a c t i o n  a le  h y d r o x y l  1 2 1 8
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H y d r o g e n  a b s t r a c t i o n  a l k a n e  p h o t o l y s is  
2 3 6 5

H y d r o g e n  a b s t r a c t i o n  b r o m o m e t h a n e  i r r a d n  
2 2 5 7

H y d r o g e n  a b s t r a c t i o n  f l u o r i n e  a t o m  3 0 1  
H y d r o g e n  a b s t r a c t i o n  k e to n e .  1 7 5 8  
H y d r o g e n  a b s t r a c t i o n  m e t h y l  r a d i c a l  2 0 6 6  
H y d r o g e n  a b s t r a c t i o n  p o l y e t h y le n e  r a d i c a l  

4 0
H y d r o g e n  a b s t r a c t i o n  r e a c t i o n  m e th a n e  

2 4 9 9
H y d r o g e n  a d s o r p t i o n  z in c  o x id e  2 6 3 4  
H y d r o g e n  b o n d  a c id  c o m p le x  5 7  
H y d r o g e n  b o n d  a m in o  s i l i c a  1 4 7 3  
H y d r o g e n  b o n d  a m m o n i a  h y d r o c h l o r i c  a c id  

1 6 4 9
H y d r o g e n  b o n d  a n i l i n e  a c c e p t o r  2 0 8 1  
H y d r o g e n  b o n d  c a r b o x y la t e  r a d i c a l  6 2 0  
H y d r o g e n  b o n d  d ia q u c h y d r o g e n  i o n  2 5 6 0  
H y d r o g e n  b o n d  io n  p a i r  2 6 4 9  
H y d r o g e n  b o n d  m e t h y l  a n t h r o a t e  1 6 1 1  
H y d r o g e n  b o n d  n i t r o b e n z e n e  E S R  1 0 2 7  
H y d r o g e n  b o n d  p e p t id e  h e a t  2 4 0 1  
H y d r o g e n  b o n d  p h e n o l  3 1 0 3  
H y d r o g e n  b o n d  p y r o c a t e c h o l  c o m p le x  1 7 9 5  
H y d r o g e n  b o n d  s o l v e n t  a c e t o n i t r i l e  5 2 7  
H y d r o g e n  b o n d  s o l v o l y s i s  1 2 7 1  
H y d r o g e n  b o n d  s p e c t r a l  b a n d s h a p e  2 7 7 9  
H y d r o g e n  b o n d  w a t e r  R a m a n  2 1 0 8  
H y d r o g e n  b o n d in g  a c e t i c  a c id  2 2 9 5  
H y d r o g e n  b o n d in g  b i f l u o r i d e  io n  1 7 6 4  
H y d r o g e n  b o n d in g  b u t y l  a le  1 7 8 3  
H y d r o g e n  b o n d in g  c h l o r o f o r m  b u t y l  e t h e r  

2 0 8 5
H y d r o g e n  b o n d in g  p h e n o l  s p e c t r a  6 4  
H y d r o g e n  b r o m id e  o x y g e n  r e a c t i o n  1 1 8 2  
H y d r o g e n  c h lo r i d e  a m m o n i a  g r o w t h  4 4 4  
H y d r o g e n  c h lo r i d e  a m m o n i a  I R  2 9 3 0  
H y d r o g e n  c o l l i s i o n  q u a n t u m  e x c i t a t i o n  1 3 9 4  
H y d r o g e n  c y a n id e  d i m e r  h e a t  d is s o c n  1 7 6 2  
H y d r o g e n  c y a n o g e n  r e a c t i o n  1 3 2 9  
H y d r o g e n  d e u t e r i d e  f l u o r i n e  r e a c t i o n  e a le n  

3 0 8 1
H y d r o g e n  d i f f u s i o n  a l l o y  8 5 0  
H y d r o g e n  d i f f u s i o n  r h o d i u m  p a l l a d iu m  a l l o y  

2 8 0 4
H y d r o g e n  d i s u l f i d e  a d s o r p t i o n  1 8 4 9  
H y d r o g e n  E P R  l i t h i u m  p h o s p h a te  2 6 2 2  
H y d r o g e n  e x c h a n g e  p r u p e n e  t o l u e n e s u l f o n i c  

a c id  2 9 9
H y d r o g e n  f l u o r i d e  c h e m i lu m in e s c e n c e  2 4 9 3  
H y d r o g e n  f l u o r i d e  s o l v a t e d  e l e c t r o n  1 4 5 0  
H y d r o g e n  h a l i d e  h y d r o x y l  k i n e t i c s  1 9 4 8  
H y d r o g e n  i o n  m e m b r a n e  t r a n s p o r t  n o is e  

1 5 6 7
H y d r o g e n  i o n  p o la r o n  r e a c t i o n  r a t e  1 7 1 1  
H y d r o g e n  is o to p e  e f f e c t  w a t e r  a l k a l i  1 8 4 4  
H y d r o g e n  n i t r o g e n  b o n d  2 1 0  
H y d r o g e n  o x y g e n  o z o n e  p h o t o l y s is  1 9 3 2  
H y d r o g e n  p e r m e a b i l i t y  c o p p e r  n i c k e l  2 1 4 6  
H y d r o g e n  p e r o x id e  r a d i c a l  o z o n e  1 9 3 2  
H y d r o g e n  r e a c t i o n  c a r b o n  m o l  1 0 8 3  
H y d r o g e n  r e a c t i o n  f l u o r i d e  n i t r o g e n  s u l f u r  

8 8 3
H y d r o g e n  r e a c t i o n  n i t r o g e n  f l u o r i d e  2 8 2 3  
H y d r o g e n  r e a c t i o n  r a t e  b r o m id e  1 0 6 0  
H y d r o g e n  s i l i c o n  b o n d  e n e r g y  7 0 5  
H y d r o g e n  s u l f i d e  s u r f a c e  t e n s io n  2 7 0 3  
H y d r o g e n  s u l f u r i c  a c id  i r r a d n  1 2 2 2  
H y d r o g e n  t r a n s f e r  d im e t h y lb u t a n e  i r r a d n  

2 4 1 8
H y d r o g e n  u r a n i u m  r e a c t i o n  2 2 3 6  
H y d r o g e n  y i e l d  m e t h a n e t h i o l  p h o t o l y s is  2 9 5  
H y d r o g e n a t e d  p o l y b u t a d ie n e  u n p e r t u r b e d  

d im e n s io n  7 8
H y d r o l y s i s  c i t r a t e  k i n e t i c s  1 5 5 2  
H y d r o l y s i s  h y d r o t h e r m a l  a l u m i n u m  b o e h m i t e  

2 4 7 4
H y d r o l y s i s  l a u r a t e  m i c e l le s  c a t a l y s t  1 2 8 0  
H y d r o n i u m  e l e c t r o n  r e a c t i o n  r a d i o l y s i s  2 5 2 7  
H y d r o p e r o x y l  n i t r o u s  o x id e  p h o t o l y s is  1 0 9 6  
H y d r o p h o b i c  h y d r a t i o n  t e t r a b u t y l a m m o n i u m  

b r o m id e  2 3 3 5  
H y d r o p h o b i c i t y  s i l i c a  1 4 5 8  
H y d r o q u in o n e  f lu o r e s c e n c e  q u e n c h in g  1 3 4 5  
H y d r o t h e r m a l  h y d r o l y s i s  a l u m i n u m  b o e h m i t e  

2 4 7 4
H y d r o x i d e  a q  s o l v o l y s i s  g i b b s i t e  2 9 4 2  
H y d r o x y a l k y l  r a d i c a l  E S R  7 7 7  
H y d r o x y a l k y l  r a d i c a l  i o n i z a t i o n  1 2 8 3  
H y d r o x y a p a t i t e  f l u o r i d e  a q  r e a c t i o n  1 7 0 4  
H y d r o x y a p a t i t e  r e d o x  7 9 1  
H y d r o x y c a r b o n i u m  io n  s p e c t r u m  M O  2 2 7 6  
H y d r o x y i m i d a z o l e  p h o t o c h r o m ic  2 1 6 0  
H y d r o x y l  a d s o r p t i o n  c a r b o n  d i o x id e  1 0 3  
H y d r o x y l  g r o u p  I R  e r i o n i t e  2 1 8 3  
H y d r o x y l  G r o u p  V I I I  m e t a l  s u r f a c e  3 0 5 2  
H y d r o x y l  h e t e r o c y c le  n i t r o g e n  r e a c t i o n  1 6 2 9  
H y d r o x y l  h y d r o g e n  h a l i d e  k i n e t i c s  1 9 4 8  
H y d r o x y l  I R  s i l i c a  p r e s s u r e  1 4 7 0  
H y d r o x y l  p o l y e t h y le n e  o x id e  r e a c t i o n  2 4 2 0  
H y d r o x y l  r a d i c a l  a le  r e a c t i o n  1 2 1 8

H y d r o x y l  r a d i c a l  f lu o r o b e n z e n e  r e a c t i o n  7 4 9  
H y d r o x y l  r a d i c a l  p h o s p h a te  e s t e r  r e a c t i o n  

2 4 2 5
H y d r o x y l  r a d i c a l  r e a c t i o n  a le  2 6 6 2  
H y d r o x y l  r a d i c a l  r e a c t i o n  c a r b o x y la t e  1 1 1 7  
H y d r o x y l  r a d i c a l  s u l f h y d r y l  r e a c t i o n  9 9 0  
H y d r o x y l  r e a c t i o n  r a t e  b r o m i d e  1 0 6 0  
H y d r o x y l  r e d n  m e r c u r y  c h l o r i d e  6 1 4  
H y d r o x y l  s u r f a c e  b o r i a  s i l i c a  1 9 6 5  
H y d r o x y l  y i e l d  r a d i o l y s i s  w a t e r  7 6 5  
H y d r o x y l a t i o n  b e n z e n e  r a d i o l y s i s  5 8 9  
H y d r o x y l a t i o n  b e n z o a te  F e n t o n  r e a g e n t  3 3 0  
H y d r o x y m e t h y l c y c l o h e x a d i e n y l  d e h y d r a t i o n  

9 8 3
H y d r o x y p h e n y l p r o p i o n i c  a c id  p h o t o l y s is  1 0  
H y d r o x y q u i n o l i n i u m  e x c i t e d  s t a t e  a c i d i t y  

1 5 9 5
H y p e r f i n e  c o u p l i n g  f l u o r i n e  f l u o r o b e n z y l  

2 8 7 7
H y p e r f i n e  c o u p l i n g  i s o t r o p i c  r a d i c a l  1 8 9 6  
H y p o f l u o r i t e  p h o t o l y s is  E S R  2 6 4 5  
I c e  l o c a l  e le c  f i e l d  4 2 3  
I m id a z o le  h y d r o x y  p h o t o c h r o m ic  2 1 6 0  
I m i d e  a m id e  r a d i o l y s i s  p u ls e  9 9 6  
I n d i g o  d y e  p h o t o i s o m e r iz a t i o n  2 5 8 4  
I n d ig o  d y e  s p e c t r a  8 3 1  
I n d i g o i d  d y e  p h o t o s t a b i l i t y  1 2 0 4  
I n d i u m  h a lo g e n  c o m p le x  N M R  1 4 9 7  
I n d i u m  o x id e  I R  2 5 3 7  
I n e r t  g a s  s o ly  e t h a n o l  2 0 1 1  
I n f r a r e d  m e t a l  s u r f a c e  h y d r o x y l  3 0 5 2  
I n h i b i t o r  o x a la t e  p e r o x y d i s u l f a t e  r e a c t i o n  

a c r y l o n i t r i l e  1 2 6 5  
I n i l i n e  a b s o r p t i o n  s p e c t r a  1 9 0 0  
I n o r g  c o m p le x  p o s i t r o n i u m  r e a c t i o n  1 7 8  
I n o r g  g la s s  p u ls e  r a d i o l y s i s  2 8 5 7  
I n t e r a c t i o n  d ip o le  c y a n o  p o l a r i z a b i l i t y  2 0 9 0  
I n t e r a c t i o n  e n e r g y  g o ld  g a s  1 9 6 9  
I n t e r a c t i o n  e n t h a lp y  m e r c u r y  a d d u c t  5 5 8  
I n t e r f a c i a l  b o u n d a r y  e l e c t r o l y t e  e le c  f i e l d  

2 9 8 9
I n t e r f a c i a l  t e n s io n  p o l y m e r  s o in  3 5 6  
I n t e r l a m e l l a r  c o p p e r  a r e n e  c o m p l e x  7 8 4  
I n t e r m o l  e n e r g y  g l o b u l a r  m o l  1 6 7 9  
I n t e r m o l  e x p  6  p o t e n t ia l  2 6 6 8  
I n t e r m o l  f o r c e  a t t r a c t i o n  5 0 1  
I n t e r n a l  p r e s s u r e  l i q  t h e r m o d n  2 7 9 4  
I n t e r n a l  r o t a t i o n  a c e t y l p y r r o l e  t h e r m o d n  

5 6 7
• I n t e r s y s t e m  c r o s s in g  e x c i p l e x  t r i p l e t  2 8 3 1  
I n v e r s i o n  n i t r o g e n  a n i l i n e  1 5 6 2  
I o d a t e  a c t i v i t y  m e t h a n o l  a c e t o n i t r i l e  5 2 3  
I o d id e  a m m o n i u m  v a c u u m  s u b l im a t i o n  9 4 0  
I o d id e  b e n z o q u in o n e  io n  p a i r  3 1 0 0  
I o d id e  c h r o m i u m  d is s o c n  2 3 4 6  
I o d id e  h y d r o g e n  k i n e t i c s  h y d r o x y l  1 9 4 8  
I o d id e  p y r o c a t e c h o l  c o m p le x  1 7 9 5  
I o d id e  r a r e  e a r t h  m a s s  s p e c t r a  3 1 1 0  
I o d id e  s o d iu m  a m m o n ia  s o in  2 1 8 5  
I o d in e  c o l l i s i o n  q u a n t u m  e x c i t a t i o n  1 3 9 4  
I o d in e  e x c i t e d  h a lo m e t h a n e  r e a c t i o n  1 5 8 5  
I o d in e  g a s  c h a r g e  t r a n s f e r  2 7 5 6  
I o d in e  m o n o c h lo r i d e  p h o t o l y s is  r e c o m b i n a t i o n  

4 3 0
I o d o a r o m a t i c  p h o t o d is s o e n  s o in  3 0 4 4  
I o d o b o r a n e  m a s s  s p e c t r a  2 9 8 4  
I o d o n a p h t h a le n e  p h o t o d is s o e n  s o in  3 0 4 4  
I o n  a g g r e g a t e  N M R  1 0 3 8  
Ic  n  a r o m  p a i r  N M R  2 0 0  
I c n  c y c l o t r o n  r e s o n a n c e  f l u o r o c a r b o n  1 4 8  
I c n  d e h y d r a t i o n  f r e e  e n e r g y  a c t i v a t i o n  1 2 4 5  
I c n  e x c h a n g e  m o l t e n  s a l t  1 3 9 8  
I c n  e x c h a n g e  s e l e c t i v i t y  e a le n  2 1 2 8  
I c n  e x c h a n g e  z i r c o n iu m  p h o s p h a te  2 4 3  
I c n  f o r m a t i o n  n i t r i c  o x id e  2 5 9 4  
I c n  h y d r a t i o n  c o m p r e s s ib i l i t y  p o le m ic  5 6 7  
I c n  l a r g e  s o in  r e f r a c t i v e  i n d e x  5 5 4  
I c n  m o b i l i t y  p o l y s t y r e n e  s o in  2 2 1 7  
I c n  m o l  r e a c t i o n  k i n e t i c s  3 0  
I c n  m o l  r e a c t i o n  s i la n e  m e t h a n e  2 5 8 7  
I c n  p a i r  b e n z o q u in o n e  io d id e  3 1 0 0  
I o n  p a i r  c o p p e r  s a l t  8 1 9  
I o n  p a i r  E S R  6 2 5  
I o n  p a i r  e x t n  p a r t i t i o n  2 6 9 4  
I o n  p a i r  h y d r o g e n  b o n d  2 6 4 9  
I o n  p a i r  m a g n e s iu m  s u l f a t e  1 3 1 5  
I o n  p a i r  n i t r a t e  I R  3 0 6 7  
I o n  p a i r  n i t r o b e n z e n e  E S R  2 3 3 9  
I o n  p a i r  s o l v e n t  c o n d  2 4 4 9  
I o n  p a i r  t e t r a c y a n o e t h y le n e  e t h e r  2 9 5 9  
I o n  p a i r i n g  d is s o c n  E S R  1 5 6 6  
I o n  p o l y e l e c t r o l y t e  a c t i v i t y  m o b i l i t y  2 9 9 5  
I o n  p u ls e  r a d i o l y s i s  m e t h a n o l  5 9 7  
I o n  s iz e  p o l y e l e c t r o l y t e  1 9 8 1  
I o n  w a t e r  i n t e r a c t i o n  g a s  p h a s e  2 7 3 6  
I o n i c  c o n d u c t i v i t y  d ie le c  f r i c t i o n  1 3 1 4  
I o n i c  s o l v a t i o n  c o m p r e s s ib i l i t y  p o le m ic  1 5 9 8  
I o n i c  s t r e n g t h  t h e r m o d n  p r o p e r t y  2 6 8  
I o n i z a t i o n  c o n s t  f lu o r e s c e n c e  e x c i t e d  s t a t e  

1011
I o n i z a t i o n  c o n s t  s e m iq u in o n e  r a d i c a l  2 2 7 4  
I o n i z a t i o n  e n t h a l p y  p o l y c a r b o x y l i c  a c id  5 3 9

I o n i z a t i o n  e q u i l  p r e s s u r e  e f f e c t  9 3 1  
I o n i z a t i o n  h y d r a t e  e le c t r o n  c o n d  6 7 4  
I o n i z a t i o n  h y d r o f l u o r i c  a c id  8 2 2  
I o n i z a t i o n  h y d r o x y a l k y l  r a d i c a l  1 2 8 3  
I o n i z a t i o n  p o t e n t ia l  a ld e h y d e  k e to n e  e n e r g y  

3 3 6
I o n i z a t i o n  p o t e n t ia l  c o m p le x  m o l  2 2 9 0  
I o n i z a t i o n  p r o t o n  e l e c t r o s t a t i c  e f f e c t  2 8 6  
I o n i z a t i o n  w e a k  a c id  p r e s s u r e  2 6 8 7  
I o n i z e d  l i q  m e m b r a n e  c a t i o n  2 1 2 2  
I R  a c e to n e  a d s o r p t i o n  m a g n e s iu m  o x id e  1 4 1  
I R  a l k a l i  m e t a l  n i t r i c  o x id e  1 6 4 6  
I R  a l k a l i  n i t r a t e  m a t r i x  3 0 6 7  
I R  a l u m i n u m  s u b o x id e  m a t r i x  2 9 2 9  
I R  a m in o  g r o u p  s i l i c a  1 4 7 3  
I R  a m m o n ia  h y d r o c h l o r i c  a c id  1 6 4 9  
I R  a m m o n ia  h y d r o g e n  c h l o r i d e  2 9 3 0  
I R  a n i l i n e  F e r m i  r e s o n a n c e  2 0 8 1  
I R  b a n d s h a p e  h y d r o g e n  b o n d in g  2 7 7 9  
I R  b o r a n e  t r i m e t h y l p h o s p h i n e  1 9 7 2  
I R  c h l o r i n e  o x id e  3 0 6 2  
I R  d i s u l f i d e  c o n f o r m a t io n  1 1 2 9  
I R  d u r y l  f l u o r e s c e n c e  s t im u l a t e d  2 4 1 1  
I R  e r i o n i t e  h y d r o x y l  g r o u p  2 1 8 3  
I R  e t h a n e t h io l  r o t a t i o n  1 9 7 7  
I R  f a r  l i q  c r y s t a l  3 2 6  
I R  g a l l i u m  i n d i u m  o x id e  2 5 3 7  
I R  h y d r o x y l  g r o u p  s i l i c a  1 4 6 5  
I R  i r o n  n i t r o s y l  z e o l i t e  2 9 6 4  
I R  l a c t a m  c o n f o r m a t io n  s o l v e n t  6 4 5  
I R  l i t h i u m  n i t r i c  o x id e  1 6 4 0  
I R  m a t r i x  c e s iu m  o x y g e n  1 0 6 5  
I R  m a t r i x  t i n  d i o x id e  1 5 1 3  
I R  m a t r i x  y t t r i u m  f l u o r i d e  4 6 6  
I R  n a p h t h a le n e  a n io n  2 9 0 3  
I R  n e o d y m iu m  l a s e r  l i q  1 3 7 0  
I R  n i t r o g e n  f l u o r i d e  s h o c k  w a v e  2 8 2 3  
I R  p e r c h l o r i c  a c id  a c e t o n i t r i l e  1 9 1 4  
I R  p h e n o l  d e r i v  b a r r i e r  2 0 9 4  
I R  p h o s p h in e  i m i d e  m e t h y l  1 5 0 6  
I R  R a m a n  c o n f o r m a t i o n  p r o p a n e d i t h i o l  4 6 9  
I R  s i l i c a  h y d r o x y l  p r e s s u r e  1 4 7 0  
I R  s o d iu m  p o la r o n  p a i r  1 0 0 2  
I R  s o l v a t e d  e le c t r o n  s o ln  2 8 7 2  
I R  s p e c t r a  f a c t o r  a n a l y s i s  2 0 8 5  
I R  t o r s i o n a l  f r e q u e n c y  p h e n o l  1 1 5 7  
I R  w a t e r  m e t h y l  s u l f o x id e  2 1 0 8  
I r o n  c o m p le x  c h e m is o r b e d  p l a t i n u m  e le c t r o d e  

1 4 0 1
I r o n  n i t r o s y l  z e o l i t e  E P R  2 9 6 4  
I r o n  o r g  a c id  r a d i c a l  r e a c t i o n  2 0 5 5  
I r o n  o x a la t e  c o m p le x  f l a s h  p h o t o l y s is  2 4 3 7  
I r o n  o x id e  c a t a l y s t  4 4 7  
I r o n  o x id e  s h i f t  r e a c t i o n  c a t a l y s i s  1 6 0 1  
I r o n  p h e n a n t h r o l i n e  e le c t r o n  e x c h a n g e  2 1 6 3  
I r o n  p h o s p h o r e s c e n c e  q u e n c h in g  c o m p le x  

2 6 1 4
I r r a d i a t e d  w a t e r  p o s  h o le  m i g r a t i o n  2 9 5 2  
I r r a d i a t i o n  g a m m a  x a n t h e n e  E S R  1 1 0 2  
I r r a d n  a c id  e l e c t r o n  r e a c t i o n  2 5 2 7  
I r r a d n  a g g r e g a t i o n  k i n e t i c s  m e t h o d  8 5 9  
I r r a d n  b r o m o m e t h a n e  a b s t r a c t i o n  h y d r o g e n  

2 2 5 7
I r r a d n  d im e t h y lb u t a n e  h y d r o g e n  t r a n s f e r  

2 4 1 8
I r r a d n  g a m m a  m e t h y lp e n t a n e  y i e l d  2 8 6 4  
I r r a d n  s u l f u r i c  a c id  E S R  1 2 2 2  
I r r a d n  t a u t o m e r i s m  m e t h y l u m b e l l i f e r o n e  

M O  8 6 0
I s o a m y l a m m o n i u m  b o r i d e  c o n d  3 0 8 9  
I s o m e r i z a t i o n  b u t e n e  z in c  o x id e  1 9 5 7  
I s o m e r i z a i i o n  c y c lo p r o p a n e  k i n e t i c s  3 0 3 7  
I s o m e r i z a t i o n  e x c i t e d  c y c lo p r o p a n e  1 4 3  
I s o m e r i z a t i o n  h e x y l  r a d i c a l  k i n e t i c s  2 9 3 8  
I s o m e r i z a t i o n  h o t  m e t h y l  c y c lo p r o p a n e  4 2 7  
I s o m e r i z a t i o n  i n d ig o  d y e  8 3 1  
I s o m e r i z a t i o n  i r r e v e r s i b l e  c h r o m a t o g  3 5 2  
I s o m e r i z a t i o n  s t y r y l p y r i d i n e  i r r a d n  s o l v e n t  

6 0 5
I s o p e n t y l b u t y l a m m o n i u m t e t r a p h e n y l  b o r a te  

c o n d  7 1 8
I s o p h t h a la t e  r a d i c a l  E S R  6 2 0  
I s o p r o p a n o l  a d s o r p t i o n  m a g n e s iu m  o x id e  I R  

1 4 1
I s o p r o p a n o l  r e d n  m e r c u r y  c h l o r i d e  6 1 4  
I s o p r o p y l  r e a c t i o n  s i l a n e  A r r h e n i u s  1 7 4 1  
I s o s b e s t ic  p o i n t  p s e u d o  2 0 8 5  
I s o t o p e  e f f e c t  a b s o r p t i o n  s p e c t r a  1 9 0 0  
I s o t o p e  e f f e c t  a m m o n ia  d e c o m p n  p o le m ic  

1 3 5
I s o t o p e  e f f e c t  a n i l i n e  p K  1 5 5 7  
I s o t o p e  e f f e c t  e a le n  2 7 7 0  
I s o t o p e  e f f e c t  d e a q u a t i o n  l a n t h a n id e  s u l f a t e  

1 2 7 5
I s o t o p e  e f f e c t  f l u o r o e t h a n e  d e h y d r o f l u o r i n a =  

t i o n  3 0 7
I s o t o p e  e f f e c t  h y d r o c h l o r i c  a c id  c o m p le x  5 7  
I s o t o p e  e f f e c t  h y d r o g e n  a b s t r a c t i o n  2 2 5 7  
I s o t o p e  e f f e c t  s o l v e n t  8 2 2  
I s o t o p e  e f f e c t  v i s c o s i t y  w a t e r  1 8 0 1  
I s o t o p e  e f f e c t  w a t e r  h o le  m i g r a t i o n  2 9 5 2  
I s o t o p e  e n r i c h m e n t  c a r b o n  m o n o x id e  p h o t o ^  

l y s i s  8 7 8
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I s o t o p i c  d i s t r i b u t i o n  b e n z e n e  c v c lo h e x a n e  
2 7 8 3

I s o t o p ic  e x c h a n g e  t h a l l i u m  1 9 0 4  
I s o t r o p i c  h y p e r f i n e  c o u p l i n g  r a d i c a l  1 8 9 6  
J o h n  T e l l e r  s p l i t t i n g  e l e c t r o n  h y d r a t e d  2 2 8 6  
K e t o n e  a c e to n e  n i t r o b e n z e n e  a c t i v i t y  5 2 7  
K e t o n e  a l k y l  p h e n y l  t r i p l e t  1 7 5 8  
K e t o n e  b i n a r y  m i x t  c r y s t a l l o l u m in e s e e n c e  

2 1 6 5
K e t o n e  e n e r g y  e l e c t r o r e d n  p o t e n t ia l  3 3 6  
K e t o n e  h e a t  f o r m a t i o n  a d d i t i v i t y  1 6 8 7  
K e t y l  a b s o r p t i o n  s p e c t r a  1 7 5 8  
K e t y l  r a d i c a l  S C F M O  s p e c t r a  1 6 7 3  
K i n e t i c  t h e o r y  t r a n s p o r t  g a s  m o n o la y e r  

3 0 2 4
K in e t i c s  b e n z y l  a q  r a d i o l y s i s  9 8 3  
K in e t i c s  c h o l e s t e r y l  s t e a r a t e  t r a n s f o r m a t i o n  

2 3 4 2
K in e t i c s  c o m p l e x a t io n  n i c k e l  t h io c y a n a t e  

1 3 0
K in e t i c s  c y c lo p r o p a n e  i s o m e r i z a t i o n  3 0 3 7  
K in e t i c s  d e h y d r a t i o n  io n  t h e o r  1 2 4 5  
K in e t i c s  d i m e r i z a t i o n  r h o d a m in e  B  1 3 1 7  
K in e t i c s  d is s o c n  r e c o m b i n a t i o n  d i c a r b o x y l i c  

a c id  2 0 3 1
K in e t i c s  d r o p  t i m e  p o la r o g  9 1 5  
K in e t i c s  e x c h a n g e  a c e t o n i t r i l e  m e t a l  6 3 4  
K in e t i c s  f l u o r i n a t i o n  f l u o r o e t h a n e  1 1 9 3  
K in e t i c s  f l u o r o m e t h y l  r a d i c a l  r e a c t i o n  1 3 3 5  
K in e t i c s  g a s  t r a n s p o r t  r e a c t i o n  m e m b r a n e  

2201
K in e t i c s  h y d r o l y s i s  c i t r a t e  1 5 5 2  
K in e t i c s  i s o m e r i z a t i o n  g e l  c h r o m a t o g  3 5 2  
K in e t i c s  o z o n o ly s is  o l e f i n  2 5 1 1  
K in e t i c s  p h e n o l  c h lo r i n e  r e a c t i o n  9 7 3  
K in e t i c s  p o l y e t h y le n e  r a d i c a l  d e c a y  40  
K in e t i c s  p r o t o l y s is  a n i l i n e  1 5 6 2  
K in e t i c s  r a d i c a l  d e c a y  2 1 7 4  
K in e t i c s  r e a c t i o n  a c id  b a s e  2 0  
K in e t i c s  r e a c t i o n  h y d r o x y l  p o l y o x y e t h y le n e  

2 4 2 0
K in e t i c s  r e a c t i o n  io n  m o l  3 0  
K in e t i c s  s o d iu m  p o la r o n  p a i r  1 0 0 2  
K in e t i c s  s o l v o l y s i s  s u l f o n y l m e t h y l  p e r c h l o r a t e  

1 2 7 1
K in e t i c s  v a p o r i z a t i o n  s o d iu m  c h lo r i d e  1 4 4 2  
K r a f f t  p o i n t  e t h o x y l a t i o n  d e g r e e  3 7 8  
L a c t a m  c o n f o r m a t io n  I R  s o l v e n t  6 4 5  
L a n t h a n id e  d e a q u a t io n  i s o to p e  e f f e c t  1 2 7 5  
L a n t h a n id e  o x id n  p o t e n t ia l  1 5 2 8  
L a n t h a n id e  s e r ie s  s t d  o x id n  p o t e n t ia l  1 5 2 8  
L a s e r  c a r b o n  m o n o x id e  d is c h a r g e  2 4 5 5  
L a s e r  c h e m  c a r b o n  m o n o x id e  2 7 2 6  
L a s e r  d y e  d i m e r i z a t i o n  1 3 1 7  
L a s e r  d y e  E S R  t r i p l e t  2 7 1 2  
L a s e r  l i q  s p e c t r o s c o p y  c h e m  1 3 7 0  
L a s e r  p h o t o l y s is  a c e to p h e n o n e  d e r i v  1 7 5 8  

' L a s e r  p h o t o l y s is  a r o m  e x c ip le x  2 8 3 1  
L a s e r  p h o t o l y s is  c h l o r i n e  o x id e  3 0 6 2  
L a s e r  R a m a n  s p e c t r o m e t e r  1 7 5 3  
L a s e r  r e a c t i o n  d in i t r o g e n  t e t r a f l u o r i d e  8 8 3  
L a s e r  v a p o r i z a t i o n  c a r b id e  g r a p h i t e  1 0 8 3  
L a t t i c e  s p in  r e l a x a t i o n  h e a v y  w a t e r  2 4 8 7  
L a u r a t e  h y d r o l y s i s  m i c e l le s  c a t a l y s t  1 2 8 0  
L a u r y l a m m o n i u m  h a l o f e r r a t e  a c t i v i t y  5 1 6  
L C A O  M O  v i n y l  r a d i c a l  4 9 4  
L e a d  a d s o r b e d  b o n d in g  m o n t m o r i l l o n i t e  

1 9 2 4
L e a d  a z id e  t h e r m a l  d e c o m p n  8 7 0  
L e a d  b in d i n g  e n e r g y  9 6 4  
L e c i t h i n  s o ln  d ie le c  c h a r a c t e r i z a t i o n  2 3 8 3  
L e v e l  p o p u la t i o n  c a r b o n  m o n o x id e  2 4 5 5  
L i f e t i m e  f lu o r e s c e n c e  n e o d y m iu m  g la s s  

1 0 1 6
L i g a n d  f i e l d  t h e o r y  m e t a l l o c e n e  1 6 8 1  
L i q  c h r o m a t o g  r a d i o l y s i s  a q  b r o m o p h e n o l  

1 3 5 6
L i q  c r y s t a l  c a r b o n y l b i s a m i n o  a c id  e s t e r  

3 0 1 6
L i q  c r y s t a l  e n t r o p y  t r a n s i t i o n  2 1 5 3  
L i q  c r y s t a l  n e m a t ic  o r d e r  9 5 0  
L i q  c r y s t a l  t r a n s i t i o n  t h e r m o d n  8 3 7  
L i q  c r y s t a l  v i b r a t i o n a l  s p e c t r a  3 2 6  
L i q  f l u i d i t y  s t r u c t u r e  p o le m ic  1 4 7 1  
L i q  g a s  s o l u b i l i t y  t h e o r y  4 1 3  
L i q  io n iz e d  m e m b r a n e  c a t i o n  2 1 2 2  
L i q  j u n c t i o n  p o t e n t ia l  c o m p u t e r  s i m u l a t i o n  

1 5 4 0
L i q  m e m b r a n e  t r a n s p o r t  g a s  r e a c t i o n  2 2 0 1  
L i q  m i x t  b i n a r y  f r e e  e n e r g y  2 4 4 1  
L i q  t e r n a r y  s y s t e m  c o e x is t e n c e  c u r v e  1 5 7 2  
L i q u i d u s  p o t a s s iu m  s i l v e r  n i t r a t e  s u l f a t e  

1 6 9 9
L i t h i u m  a m m o n i a  p o t a s s iu m  s o ln  2 1 0  
L i t h i u m  b i s m u t h  d i s t r i b u t i o n  l i t h i u m  c h lo =  

r i d e  2 3 5 1
L i t h i u m  c h l o r i d e  b e a m  r e a c t i o n  3 0 1 1  
L i t h i u m  c h lo r i d e  e f f e c t  p o l y a m id e  3 8 9  
L i t h i u m  c h lo r i d e  h e a t  m i x i n g  2 1 3 7  
L i t h i u m  f l u o r o z i r c o n a t e  R a m a n  1 3 8 4  
L i t h i u m  n i t r a t e  I R  m a t r i x  3 0 6 7  
L i t h i u m  n i t r i c  o x id e  p h o t o i s o m e r is m  1 6 4 0

L i t h i u m  p h o s p h a te  E P R  h y d r o g e n  2 6 2 2  
L i t h i u m  p o t a s s iu m  c h lo r i d e  m e l t  c o n d  1 9 8 9  
L i t h i u m  s o d iu m  f l u o r i d e  s p e c t r a  2 6 5 4  
L i t h i u m  s o l v a t i o n  e t h e r  a m m o n ia  2 8 8 8  
L i t h i u m  s o l v a t i o n  p r o p y le n e  c a r b o n a t e  2 4 0 7  
L i t h i u m  z e o l i t e  o x y g e n  r a d i c a l  9 2 5  
L o c a l  e le c  f i e l d  ic e  4 2 3  
L u m in e s c e n c e  c r y s t n  o r g  m i x t  2 1 6 5  
L u m in e s c e n c e  d u r e n e  U V  p h o t o s e n s i t i z a t io n  

2 4 1 1
L u m in e s c e n c e  q u e n c h in g  b i p y r i d i n e  r u t h e n i  =  

u m  3 0 4 2
M a c r o c y c l i c  p o l y  e t h e r  E S R  6 2 5  
M a g n e s iu m  c h lo r a t e  h y d r a t e  s y s t e m  6 4 0  
M a g n e s iu m  c o p p e r  o x id e  E S R  1 2 4 0  
M a g n e s iu m  n i c k e l  o x id e  c o n d  2 4 3 0  
M a g n e s iu m  n i t r a t e  w a t e r  s y s t e m  5 2  
M a g n e s iu m  o x id e  a c e to n e  a d s o r p t i o n  1 41  
M a g n e s iu m  o x id e  c a r b o n  m o n o x id e  a d s o r p =  

t i o n  1 0 1 9
M a g n e s iu m  o x id e  r e a c t i o n  r h e n i u m  1 5 7 8  
M a g n e s iu m  p e r c h l o r a t e  r a d i o l y s i s  3 0 5 8  
M a g n e s iu m  p o l y s t y r e n e s u l f o n a t e  m o l a l  v o l  

2 2 2 5
M a g n e s iu m  p y r o p h o s p h a t e  c h e la t io n  k i n e t i c s  

2 3 1 8
M a g n e s iu m  s o d iu m  n i t r a t e  l i q  s t r u c t u r e  

2 2 5 2
M a g n e s iu m  s o l v a t i o n  w a t e r  a c e to n e  1 2 9 4  
M a g n e s iu m  s u l f a t e  io n  p a i r  1 3 1 5  
M a g n e t i c  C D  b e n z e n e  1 0 3 1  
M a g n e t i c  r e s o n a n c e  d e u t e r o n  s i l i c a  m e t h a n o l  

2 8 4 7
M a g n e t i c  s u s c e p t i b i l i t y  c h r o m i u m  a q u a  

1 3 7 8
M a g n e t i c  s u s c e p t i b i l i t y  m e r c u r y  t h i o c y a n a t o =  

c o b a l t  4 2 4
M a g n e t i c  s u s c e p t i b i l i t y  n e m a t ic  l i q  c r y s t a l  

9 5 0
M a le a t e  h y d r a t e  e le c t r o n  c o n d  6 7 4  
M a l e i c  a c id  c o p o l y m e r  c o n f o r m a t io n  1 4 2 7  
M a l e i c  a c id  c o p o l y m e r  d is s o c n  o le f i n  5 3 9  
M a l e i c  a n h y d r i d e  a d d n  h e a t  8 2 8  
M a lo n a t e  u r a c i l  e l e c t r o n i c  s p e c t r a  4 8 2  
M a lo n i c  a c id  i r r a d n  s p e c t r a  6 2 9  
M a l o n i c  a c id  r a d i c a l  E S R  2 0 5 5  
M a l o n o n i t r i l e  a m in o  r o t a t i o n  4 1 9  
M a n g a n e s e  E S R  a n t i p y r i n e  m e t a l  c o m p le x  

9 4 5
M a n g a n e s e  h y d r a t e d  io n  p o l y a c r y l o n i t r i l e  

1 3 7 8
M a n g a n e s e  m o n o x id e  o p t i c a l  s p e c t r a  4 9  
M a n g a n e s e  s t r o n t i u m  c e s iu m  s y s t e m  1 2 8 8  
M a s s  s p e c t r a  b o r a n e  d e r i v  2 9 8 4  
M a s s  s p e c t r a  r a r e  e a r t h  i o d id e  3 1 1 0  
M a s s  s p e c t r o m e t r y  f l u o r o c a r b o n  1 4 8  
M a s s  s p e c t r o m e t r y  f l u o r o m e t h y l  r e a c t i o n  

1 3 3 5
M a s s  s p e c t r o m e t r y  s u l f u r  f l u o r i d e  8 9 7  
M a s s  s p e c t r o s c o p y  r h e n i u m  o x id e  1 5 7 8  
M a s s  s p e c t r u m  t h a l l i u m  t e r n a r y  c o m p d  

1 5 9 9
M a t r i x  I R  a l k a l i  n i t r a t e  3 0 6 7  
M a t r i x  I R  c e s iu m  o x y g e n  1 0 6 5  
M a t r i x  I R  t i n  d io x id e  1 5 1 3  
M a t r i x  I R  y t t r i u m  f l u o r i d e  4 6 6  
M e c h a n i s m  p o l y e t h y le n e  r a d i c a l  d e c a y  4 0  
M e c h a n i s m  r a d i o l y s i s  m e t h y l  m e t h a c r y l a t e  

1 1 6 3
M e c h a n i s m  t e s t  is o to p e  e f f e c t  c a l c n  2 7 7 0  
M e c h a n i s m  t h e r m o l y s i s  c y c lo b u t a n o n e  

r e v i e w  1 3 1 6  1 3 1 7  
M e l l i t a t e  r a d i c a l  E S R  6 2 0  
M e m b r a n e  g la s s  e m f  m o l t e n  n i t r a t e  1 6 7 6  
M e m b r a n e  l i q  i o n iz e d  c a t i o n  2 1 2 2  
M e m b r a n e  l i q  t r a n s p o r t  g a s  r e a c t i o n  2 2 0 1  
M e m b r a n e  p e r m s e l e c t i v i t y  e l e c t r o l y t e  a c t i v i t v  

9 2
M e m b r a n e  t r a n s p o r t  n o is e  1 5 6 7  
M e n d e le v iu m  s t d  o x id n  p o t e n t ia l  1 5 2 8  
M e r c u r i c  io n  p u ls e  r a d i o l y s i s  2 8 6 8  
M e r c u r y  a d d u c t  e n t h a lp y  i n t e r a c t i o n  5 5 8  
M e r c u r y  c h l o r i d e  r e d n  o x a l i c  a c id  1 2 6 2  
M e r c u r y  c h l o r i d e  r e d n  r a d i c a l  6 1 4  
M e r c u r y  c o m p le x  p o s i t r o n i u m  r e a c t i o n  1 7 8  
M e r c u r y  d i m e t h y l  s u l f o x id e  e le c  l a y e r  ( c o r =  

r e c t i o n )  3 1 2 4
M e r c u r y  h a l i d e  s o ly  o r g  8 7  
M e r c u r y  m e t h y l  c o m p le x  a c e t y l c y s t e in e  

2 2 8 2
M e r c u r y  t h i o c y a n a t o c o b a l t  m a g n e t i c  s u s c e p =  

t i b i l i t y  4 2 4
M e r c u r y  t r i p l e t  p r o d n  s i n g le t  8 7 5  
M e s o  p h a s e  c a r b o n y l b i s a m i n o  a c id  e s t e r  

3 0 1 6
M e s o m o r p h ic  b e h a v i o r  c h o le s t e r v l  a lk a n o a t e  

8 3 7
M e s o m o r p h ic  e n t r o p y  t r a n s i t i o n  a z o x y b e n z =  

e n e s  2 1 5 3
M e s o p h a s e  t r a n s i t i o n  c h o le s t e r v l  m y r i s t a t e  
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N i t r o p h e n o l  h y d r a t e  e le c t r o n  c o n d  6 7 4  
N i t r o p r o p a n e  c r o s s  b e a m  r e a c t i o n  2 9 3 1  
N i t r o p y r i d i n e  E S R  U V  2 7 4 4  
N i t r o p y r i d i n e  p h o t o c h e m  1 4 8 7  
N i t r o s a m in e  a n io n  r a d i c a l  E S R  6 1 1  
N i t r o s y l  i r o n  z e o l i t e  E P R  2 9 6 4  
N i t r o u s  o x id e  c a t a l y t i c  d e c o m p n  1 2 4 0  
N i t r o u s  o x id e  c y c lo h e x a n e  r a d i o l y s i s  5 8 6  
N i t r o u s  o x id e  p h o t o l y s is  h y d r o p e r o x y l  1 0 9 6  
N i t r o u s  o x id e  r e a c t i o n  o x y g e n  a t o m  1 3 4 1  
N i t r o u s  o x id e  x e n o n  r a d i o l y s i s  1 1 7 6  
N i t r o x i d e  a l k a l i  m e t a l  I R  1 6 4 6  
N i t r o x i d e  l a b e le d  p o l y b e n z y l  g l u t a m a t e  1 8 2  
N i t r o x i d e  l i t h i u m  I R  1 6 4 0  
N i t r o x i d e  r a d i c a l  p o l y s t y r e n e  E S R  1 6 3 5  
N i t r o x y l  p o l a r i z a t i o n  p a r a m e t e r  n i t r o x y l  7 2  
N M R  a lk a n e  r e l a x a t i o n  1 1 3 4  
N M R  a r o m  io n  a s s o c n  2 0 0  
N M R  c a r b o n  1 3  b e n z o c y c lo a lk e n e  1 8 6 5  
N M R  c h lo r i d e  c h lo r i n e  e x c h a n g e  2 1 4 9  
N M R  d i m e t h y l  s u l f o x id e  c h r o m i u m  c o m p le x  

8 5 5
N M R  d i s u l f i d e  c o n f o r m a t io n  1 1 2 9  
N M R  h e x a m e t h y lp h o s p h o r a m id e  m e t a l  

h a l i d e  1 8 9
N M R  io n  a g g r e g a t e  1 0 3 8  
N M R  io n  s o l v a t i o n  2 4 4 9  
N M R  i r o n  c o m p le x  e l e c t r o n  e x c h a n g e  2 1 6 3  
N M R  m o l  w t  p e p t id e  2 7 5 9  
N M R  n i t r o g e n  c o n t a c t  s h i f t  6 3 4  
N M R  p r o t o n  e x c h a n g e  h e x a m m i n e r u t h e n i u m  

9 6 0
N M R  r o t a t i o n a l  i s o m e r i s m  p h e n y la la n in e  

1 5 0 1
N M R  s h i f t  s u b s t i t u t e d  e th a n e  1 5 9 0  
N M R  s o d iu m  p o ly p h o s p h a t e  p o l y m n  1 5 9 3  
N M R  t e m p  a c e t y l p y r r o l e  p o le m ic  5 6 7  
N M R  t h i o a m i d e  r o t a t i o n  b a r r i e r  1 2 2 8  
N M R  w a t e r  a le  s o ln  1 0 5 6  
N M R  w a t e r  d i m e r  c h l o r o f o r m  2 3 6  
N o b e l i u m  s t d  o x id n  p o t e n t ia l  1 5 2 8  
N o is e  m e m b r a n e  t r a n s p o r t  1 5 6 7  
N o n a n o a t e  c h o le s t e r y l  s p h e r u l i t e  g r o w t h  

3 9 6
N o n p o la r  a n a lo g  m o d e l  8 1 3  
N Q R  h a l i d e  i n t e r a c t i o n  m i c e l le  n i t r o g e n  

2 5 3 1
N u c l e a r  s p in  e x c h a n g e  d o u b le  r e s o n a n c e  

6 2 9
N u c le ic  a c id  p r o t o n  t r a n s f e r  1 6 2 4  
N u c le o s id e  u l t r a s o n i c  a b s o r p t i o n  2 3 2 9

9K

N u c le o t id e  u l t r a s o n i c  a b s o r p t i o n  2 3 2 9  
O c ta n e  d i f f u s i o n  c o e f f  1 4 3 7  
O c ta n e  s a l t  A e r o s o l  P M R  2 3 8  
O le a te  m i c e l le  r e f r a c t i v e  i n d e x  5 5 4  
O le f in  c h e m is o r b e d  p l a t i n u m  e le c t r o d e  

c o m p le x  1 4 1 1
O le f in  c h e m is o r p t i o n  p l a t i n u m  e le c t r o d e  

140 1
O le f in  c z o n o ly s is  k i n e t i c s  2 5 1 1  
O p t i c a l  a b s o r p t i o n  p o la r o n  a m in e  1 8 0 3  
O p t i c a l  a b s o r p t i o n  s e m iq u in o n e  r a d i c a l  

2 2 7 4
O p t i c a l  a c t i v i t y  c y c l i c  a m id e  2 4 8  
O p t i c a l  a c t i v i t y  o r i e n t e d  h e l i x  1 6 5 3  
O p t i c a l  a n i s o t r o p y  p o l y s t y r e n e s u l f o n a t e  

2101
O p t i c a l  p r o p e r t i e s  p y r a z o l i n y l  s u l f a t e  1 8 1 7  
O R D  o r i e n t e d  h e l i c e s  1 6 5 3  
O R D  s o d iu m  p y r a z o l i n y l  s u l f a t e  1 8 1 7  
O r d e r  m o ly b d e n u m  s u l f i d e  s t r u c t u r e  2 2 4 2  
O r d e r  n e m a t ic  l i q  c r y s t a l  9 5 0  
O r d e r  p o l a r i z a b i l i t y  s o l v a t i n g  g r o u p  7 
O r g  c o m p d  o x y g e n  h e a t  f o r m a t i o n  1 6 8 7  
O r g  c o m p d  s u p e r o x id e  io n  r e a c t i o n  1 7 2 2  
O r g  m i x t  c r y s t n  lu m in e s c e n c e  2 1 6 5  
O r g  m o l  i o n i c  a d s o r b e d  p h o s p h o r e s c e n c e  

9 0 2
O r g  m o l  s e c o n d  m o m e n t  1 5 2 0  
O r g  p h o s p h a te  d ip o le  m o m e n t  9 2 2  
O r i e n t a t i o n  a d s o r b e d  m e t h y l  c h l o r i d e  1 3 8 9  
O r i e n t a t i o n  p o l y g l u t a m a t e  a c id  e f f e c t  2 9 2 5  
O r ie n t e d  h e l i x  o p t i c a l  a c t i v i t y  1 6 5 3  
O r o t i c  a c id  f l a s h  p h o t o l y s is  1 1 9 9  
O r o t i c  a c id  t r i p l e t  q u e n c h in g  2 2 4 6  
O r t h o p h o s p h a t e  a m m o n iu m  z i r c o n iu m  

^ s t r u c t u r e  2 4 3
O s c i l l a t i n g  p e n t a n e d io n e  h e a t  e v o lu t io n  

3 1 2 2
O s c i l l a t o r  a n h a r m o n ic  v i b r a t i o n a l  t r a n s i t i o n  

2 6 5 7
O s c i l l a t o r  s t r e n g t h  s i n g le t  t r i p l e t  1 0 7  
O s m o t i c  c o e f f  e l e c t r o l y t e  2 3 0 0  
O s m o t ic  c o e f f  io n  e x c h a n g e  2 1 2 8  
O x a la t e  i r o n  f l a s h  p h o t o l y s is  2 4 3 7  
O x a la t e  p e r o x y d i s u l f a t e  r e a c t i o n  c o p p e r  

c a t a l y s t  1 2 6 5
O x a l i c  a u id  r e d n  m e r c u r y  c h lo r i d e  1 2 6 2  
O x id e  c h l o r i n e  E S R  3 0 5 8  
O x id e  c h lo r i n e  R a m a n  I R  3 0 6 2  
O x id e  c o p p e r  m a g n e s iu m  E S R  1 2 4 0  
O x id e  i r o n  c a t a l y s t  4 4 7  
O x id e  m a g n e s iu m  a c e to n e  a d s o r p t i o n  I R  

1 41
O x id e  m a g n e s iu m  n i c k e l  c o n d  2 4 3 0  
O x id e  m a n g a n e s e  c o p p e r  E S R  4 9  
O x id e  n i t r i c  a l k a l i  m e t a l  I R  1 6 4 6  
O x id e  n i t r i c  f l u o r o m e t h y l  r e a c t i o n  1 3 3 5  
O x id e  n i t r i c  l i t h i u m  p h o t o i s o m e r is m  1 6 4 0  
O x id e  n i t r i c  p h o t o l y s is  l a s e r  2 7 2 6  
O x id e  n i t r o g e n  p h o t o l y s is  2 6 0 4  
O x id e  n i t r o g e n  w a t e r  v a p o r  1 9 2 9  
O x id e  n i t r o p y r i d i n e  E S R  U V  2 7 4 4  
O x id e  p l u t o n i u m  d e s o r p t i o n  w a t e r  5 8 1  
O x id e  r h e n i u m  e q u i l  1 5 7 8  
O x id e  s i l i c o n  n i t r i d e  t h e r m o d n  9 7 0  
O x id n  a n o d ic  t e t r a t h i o t e t r a c e n e  1 8 6 2  
O x id n  e le c t r o c h e m  a n i l i n e  b e n z id in e  2 4 9 0  
O x id n  n i t r i t e  o x y g e n  m e c h a n i s m  1 8 1 0  
O x id n  o l e f i n  a d s o r b e d  p l a t i n u m  e le c t r o d e  

1 4 0 1
O x id n  o x a l i c  a c id  t r a n s i t i o n  m e t a l  1 2 6 2  
O x id n  p h o t o c h e m  c h l o r i n e  o z o n e  2 5 1 5  
O x id n  p o t e n t ia l  l a n t h a n id e  a c t i n i d e  1 5 2 8  
O x id n  p o t e n t ia l  s p e c t r o s c o p y  t r a n s i t i o n  

m e t a l  1 5 2 8
O x id n  r a t e  c h l o r o c a r b o n y l o b i s t r ip h e n y lp h o s =  

p h i n e i r i d i u m  2 9 0  
O x id n  s u l f u r  d i o x id e  a n io n  1 3 6 5  
O x o c a r b o n  a n io n  r a d i c a l  E S R  2 6 5 2  
O x y  r a d i c a l  r e a c t i o n  a le  2 6 6 2  
O x y g e n  a d s o r b e d  z e o l i t e  E S R  1 6 0 6  
O x y g e n  a d s o r p t i o n  z in c  o x id e  2 6 4 0  
O x y g e n  a t o m  m o l  r e a c t i o n  k i n e t i c s  1 3 4 1  
O x y g e n  c e s iu m  m a t r i x  I R  1 0 6 5  
O x y g e n  c h e m is o r p t i o n  z e o l i t e  Y  2 3 0 8  
O x y g e n  f l u o r i d e  M O  3 0 8 5  
O x y g e n  h y d r o g e n  b r o m id e  r e a c t i o n  1 1 8 2  
O x y g e n  h y d r o g e n  o z o n e  p h o t o l y s is  1 9 3 2  
O x y g e n  i n t e r a c t i o n  r u b i d i u m  c e s iu m  8 0 1  
O x y g e n  i o d in e  c h a r g e  t r a n s f e r  2 7 5 6  
O x y g e n  n i t r o g e n  d io x id e  p h o t o l y s is  1 1 5 3  
O x y g e n  o r g  c o m p d  h e a t  f o r m a t i o n  1 6 8 7  
O x y g e n  o x id n  n i t r i t e  m e c h a n i s m  1 8 1 0  
O x y g e n  p o l a r i z a t i o n  p a r a m e t e r  n i t r o x y l  72  
O x y g e n  p o l y e t h y le n e  r a d i c a l  d e c a y  4 0  
O x y g e n  r a d i c a l  f o r m a t i o n  z e o l i t e  9 2 5  
O x y g e n  r a d i c a l  p o l a r i z a t i o n  p a r a m e t e r  1 8 9 6  
O x y g e n  r a d i c a l  r e a c t i o n  c a r b o x y la t e  1 1 1 7  
O x y g e n  r e a c t i o n  c a r b o n  m o l  1 0 8 3  
O x y g e n  r e a c t i o n  h y d r o g e n  m e t a l  s u r f a c e  

3 0 5 2
O x y g e n  r e a c t i o n  m e r c u r y  c h l o r i d e  6 1 4
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O x y g e n  s in g le t  o z o n e  p h o t o l y s is  1 0 0 7  
O x y g e n  s i n g le t  r e a c t i o n  h y d r o c a r b o n  8 6 3  
O x y g e n  s i n g le t  r e a c t i o n  w a t e r  1 0 9 6  
O x y g e n  t i n  v a p o r  r e a c t i o n  1 5 1 3  
O x y g e n  t r a p p i n g  c o p p e r  c o m p le x  p h o t o c o n d  

‘ 2 6 7 7
O z o n e  a d s o r b e d  c h a r g e  t r a n s f e r  5 5 6  
O z o n e  a m m o n i a  p a r t i c l e  g r o w t h  4 3 8  
O z o n e  n i t r o g e n  d io x id e  r e a c t i o n  2 5 0 7  
O z o n e  p h o t o c h e m  o x id n  c h lo r i n e  2 5 1 5  
O z o n e  p h o t o l y s is  o x y g e n  s in g le t  1 0 0 7  
O z o n e  r e a c t i o n  n i t r o g e n  o x id e  1 3 4 1  
O z o n e  U V  p h o t o l y s is  1 9 3 2  
O z o n o ly s is  o l e f i n  k i n e t i c s  2 5 1 1  
P a i r i n g  io n  d is s o c n  E S R  1 5 6 6  
P a l l a d iu m  a l lo y  h y d r o g e n  a b s o r p t i o n  3 5  
P a l l a d iu m  a l lo y  h y d r o g e n  d i f f u s i o n  8 5 0  
P a l l a d iu m  a lu m i n u m  c h lo r i d e  c o m p le x  4 7 2  
P a l l a d iu m  h v d r o g e n  a b s o r b e d  c h e m is o r b e d  

2 6 2 8
P a l l a d iu m  p o r p h y r i n  t r i p l e t  l i f e t i m e  1 5 4  
P a l l a d iu m  r h o d i u m  a l lo y  d i f f u s i o n  h v d r o g e n  

2 8 0 4
P a l m i t a t e  m i c e l le  r e f r a c t i v e  i n d e x  5 5 4  
P a r t i a l  p r e s s u r e  r h e n i u m  o x id e  1 5 7 8  
P a r t i c l e  g r o w t h  k i n e t i c s  4 3 8  4 4 4  
P a r t i c l e  s iz e  le a d  a z id e  d e c o m p n  8 7 0  
P a r t i c u l a t e  g r o w t h  a m m o n i u m  c h lo r i d e  4 4 4  
P a r t i t i o n  i o n  p a i r  e x t n  2 6 9 4  
P a r t i t i o n i n g  e n e r g y  m e t h y l c y c lo p r o p a n e  

p h o t o l y s is  7 5 9
P e n t a d ie n e  lu m in e s c e n c e  q u e n c h in g  3 0 4 2  
P e n t a e r y t h r i t o l  n i t r a t e  U V  9 1 0  
P e n t a n e  b r o m o  d ie le c  r e l a x a t i o n  2 3 0  
P e n t a n e  s o ly  c o m p r e s s e d  g a s  2 0 1 6  
P e n t a n e d io n e  o s c i l l a t i n g  r e a c t i o n  h e a t  

e v o lu t io n  3 1 2 2
P e n t y l a m m o n iu m  b r o m id e  h y d r a t io n  2 3 3 5  
P e p t id e  g la s s  e le c t r o n  2 9 5 4  
P e p t id e  g l u t a m i n e  p o l y e l e c t r o l y t e  t r a n s i t i o n  

2 4 2
P e p t id e  h y d r o g e n  b o n d  h e a t  2 4 0 1  
P e p t id e  N M R  m o l  w t  2 7 5 9  
P e p t id e  s p in  c o u p l i n g  m e r c u r y  2 2 8 2  
P e p t i d e  U V  p h o t o l y s is  r a d i c a l  1 9 4 4  
P e r c h l o r a t e  a m m o n i u m  v a c u u m  s u b l im a t i o n  

9 4 0
P e r c h l o r a t e  c o p p e r  c o n d u c t a n c e  8 1 9  
P e r c h l o r a t e  h a l i d e  c o n d  3 0 8 9  
P e r c h l o r a t e  m a g n e s iu m  r a d i o l y s i s  3 0 5 8  
P e r c h l o r a t e  m e t h y l p h e n a n t h r o l i n e  c o p p e r  

c o n d  5 1 9
P e r c h l o r a t e  p y r o c a t e c h o l  c o m p le x  1 7 9 5  
P e r c h l o r a t e  s a l t  c o n d  m e t h y . p h o s p h o t r i a m id e  

1 2 5 8
P e r c h l o r a t e  s o d iu m  a m m o n ia  s o ln  2 1 8 5  
P e r c h l o r a t e  s u l f o n v l m e t h y l  s o l v o l v s i s  k i n e t i c s  

1 2 7 1
P e r c h l o r i c  a c id  a c e t o n i t r i l e  i n t e r a c t i o n  1 9 1 4  
P e r c h l o r i c  a c id  c o n d  m e t h y la c e t a m id e  6 8 8  
P e r f i u o r o s u c c in a t e  r a d i c a l  E S R  1 4 9 1  
P e r m a n g a n a t e  b r o m id e  r e d c x  r e a c t i o n  1 5 4 7  
P e r m e a b i l i t y  h y d r o g e n  c o p p e r  n i c k e l  2 1 4 6  
P e r m e a t i o n  g a s  l i q  m e m b r a n e  r e a c t i o n  2 2 0 1  
P e r m i t t i v i t y  c a t h r a t e  h y d r a t e  2 9 6 9  
P e r m s e l e c t i v i t y  m e m b r a n e  e l e c t r o l y t e  a c t i v i t y  

9 2
P e r o x id e  a lu m i n u m  I R  m a t r i x  2 9 2 9  
P e r o x id e  c e s iu m  m a t r i x  I R  1 0 6 5  
P e r o x id e  h y d r o g e n  r a d i c a l  o z o n e  1 9 3 2  
P e r o x id e  p h o t o l y s is  E S R  2 6 4 5  
P e r o x y  r a d i c a l  d i s p r o p o r t io n a t i o n  c u p r i c  io n  

1 1 6 9
P e r o x y  r a d i c a l  z e o l i t e  E S R  1 6 0 6  
P e r o x y d i s u l f a t e  o x a la t e  r e a c t i o n  c o p p e r  

c a t a l y s t  1 2 6 5
P e r y le n e  f lu o r e s c e n c e  s u r f a c t a n t  m ic e l le  

1 1 9 1
P H  w a t e r  g a s  e f f e c t  8 2 6  
P h a s e  d i a g r a m  n i t r a t e  s u l f a t e  1 6 9 9  
P h e n a n t h r o l i n e  c o p p e r  c o n d u c t a n c e  8 1 9  
P h e n a n t h r o l i n e  i r o n  e le c t r o n  e x c h a n g e  2 1 6 3  
P h e n o l  a d s o r b e d  p h o s p h o r e s c e n c e  9 0 2  
P h e n o l  c h l o r i n e  r e a c t i o n  k i n e t i c s  9 7 3  
P h e n o l  c o n f o r m a t io n  r o t a t i o n  b a r r i e r  1 1 5 7  
P h e n o l  d e r i v  r o t a t i o n  b a r r i e r  2 0 9 4  
P h e n o l  h y d r o g e n  b o n d  3 1 0 3  
P h e n o l  p o l y h y d r i c  a l l y l  p l a t i n u m  e le c t r o d e  

1 4 0 1
P h e n o l  s o ln  U V  6 4  
P h e n o l i c  c o m p d  p h o t o l y s is  10 
P h e n y la la n in e  a n io n  r o t a t i o n a l  i s o m e r i s m  

1 5 0 1
P h e n y l a l k v l c a r b o x y l i c  a c id  f l a s h  p h o t o l y s is  

2 2 6 7
P h e n y l d i t h i i n  r a d i c a l  a n io n  E P R  1 7 1 6  
P h e n y le n e d ia m in e  c a t i o n  e le c t r o n  d is t a n c e

3 0 3 5
P h o s p h a t e  a l k a l i  n i t r a t e  r e a c t i o n  2 0  
P h o s p h a t e  c a l c i u m  c r y s t n  k i n e t i c s  2 3 1 3  
P h o s p h a t e  e s t e r  h y d r o x y l  r a d i c a l  r e a c t i o n  

2 4 2 5

P h o s p h a t e  e t h y le n e d ia m in e  c o b a l t  c o m p le x  
6 3 7

P h o s p h a t e  l i t h i u m  E P R  h y d r o g e n  2 6 2 2  
P h o s p h a t e  o r  g  d ip o le  m o m e n t  9 2 2  
P h o s p h in e  c h lo r o  f l u o r o  U V  1 1 2 6  
P h o s p h in e  i m id e  m e t h y l  I R  1 5 0 6  
P h o s p h o n ic  a c id  m e t h y le n e d i  s t r u c t u r e  1 1 4 6  
P h o s p h o n iu m  a l k y l a m m o n i u m  b r o m id e  

s p e c t r a  3 0 7 1
P h o s p h o r e s c e n c e  a d s o r b e d  i o n i c  o r g  m o l  9 0 2  
P h o s p h o r e s c e n c e  b e n z e n e  a lk a n e  f i l m  1 6 1 6  
P h o s p h o r e s c e n c e  d e c a y  c u r v e  d e c o n v o lu t i o n  

2 0 3 8
P h o s p h o r e s c e n c e  h y d r o x y c a r b o n i u m  io n  

2 2 7 6
P h o s p h o r e s c e n c e  q u e n c h in g  c h r o m i u m  

e t h y le n e d ia m in e  2 6 1 4  
P h o s p h o r e s c e n c e  q u e n c h in g  r u t h e n i u m  

d i p y r i d y l  8 6 1
P h o s p h o r u s  b o n d in g  x  r a y  e m is s io n  2 8 0  
P h o s p h o r u s  c h l o r i d e  b e a m  r e a c t i o n  2 9 3 1  
P h o s p h o r u s  h e t e r o p o l y  a c id  E S R  2 8 9 6  
P h o s p h o r y l  c h l o r i d e  n e o d y m iu m  s p e c t r o s c o p y  

1 3 7 0
P h o t o c h e m  b ip h o t o n ic  f lu o r e s c e n c e  lo s s  

2 8 0 8
P h o t o c h e m  d e c a r b o x y l a t i o n  a l ip h  a c id  e s t e r  

1 4 8 2
P h o t o c h e m  e t h y l e n e d i a m i n e c h r o m i u m  

e x c i t e d  s t a t e  2 9 4 7  
P h o t o c h e m  n i t r o p y r i d i n e  1 4 8 7  
P h o t o c h e m  o x id n  c h l o r i n e  o z o n e  2 5 1 5  
P h o t o c h e m i s t r y  f o r m a ld e h y d e  2 4 6 9  
P h o t o c h r o m ie  h y d r o x y im i d a z o l e  2 1 6 0  
P h o to c o n d  a r y l  e t h y n y l  c o p p e r  2 6 7 7  
P h o to c o n d  s o d iu m  c y a n o e t h y le n e  m a t r i x  

2 4 3 4
P h o t o d e c o m p n  m e t h a n e t h io l  2 9 5  
P h o t o d e c o m p n  s u l f u r  h e x a f l u o r i d e  2 8 5 3  
P h o to d is s o c n  c y c lo b u t a n o n e  e n e r g y  r e l a x a t i o n  

9 5 4
P h o to d is s o c n  i o d o a r o m a t i c  s o ln  3 0 4 4  
P h o t o e le c t r o n  s p e c t r a  e t h y le n e  2 3 5 8  
P h o t o e le c t r o n  s p e c t r a  G r o u p  I V a  c o m p d  9 6 4  
P h o t o io n i z a t io n  c a t i o n  e le c t r o n  d is t a n c e  

3 0 3 5
P h o t o io n i z a t io n  s o d iu m  m e t h y lp e n t a n e  

e le c t r o n  2 1 7 1
P h o t o i s o m e r i s m  l i t h i u m  n i t r i c  o x id e  1 6 4 0  
P h o t o i s o m e r i z a t io n  r e t i n a l  e n e r g y  t r a n s f e r  

8 8 9
P h o t o i s o m e r i z a t io n  t h i o i n d i g o  2 5 8 4  
P h o t o l y s i s  a l ip h  a c id  e s t e r  1 4 8 2  
P h o t o l y s i s  a lk a n e  h y d r o g e n  a b s t r a c t i o n  

2 3 6 5
P h o t o l y s i s  a q  s u l f i t e  E S R  7 7 2  
P h o t o l y s i s  a z o b is c y a n o c y c lo p e n t a n e  E P R  

c y a n o c y c lo p e n t y l  2 2 4 9  
P h o t o l y s i s  c a r b o n  m o n o x id e  i s o to p e  e n r i c h  =  

m e n t  8 7 8
P h o t o l y s i s  c y c lo b u t a n e  s t v r e n e  e t h y le n e  

2 6 0 9
P h o t o l y s i s  d e u t e r i u m  b r o m id e  m o d e r a t o r  

1 3 1 9
P h o t o l y s i s  d u r e n e  b ip h o t o n ic  2 8 0 8  
P h o t o l y s i s  f l a s h  a r o m  s u l f u r  1 4 7 8  
P h o t o l y s i s  f l a s h  c a r b o n  t r i o x i d e  1 1 1 1  
P h o t o l y s i s  f l a s h  c h lo r i n e  d io x id e  7 4 2  
P h o t o l y s i s  f l a s h  o r o t i c  a c id  1 1 9 9  
P h o t o l y s i s  f l a s h  p h e n y l a l k y l c a r b o x y l i c  a c id  

2 2 6 7
P h o t o l y s i s  f lu o r o a z o m e t h a n e  1 3 3 5  
P h o t o l y s i s  h y p o f l u o r i t e  p e r o x id e  E S R  2 6 4 5  
P h o t o l y s i s  io d in e  m o n o c h lo r id e  r e c o m b in a t i o n  

4 3 0
P h o t o l y s i s  i r o n  o x a la t e  c o m p le x  2 4 3 7  
P h o t o l y s i s  l a s e r  a c e to p h e n o n e  d e r i v  1 7 5 8  
P h o t o l y s i s  l a s e r  a r o m  e x c ip le x  2 8 3 1  
P h o t o l y s i s  l a s e r  c h lo r i n e  o x id e  3 0 6 2  
P h o t o l y s i s  l a s e r  n i t r i c  o x id e  2 7 2 6  
P h o t o l y s i s  l i q  E S R  2 0 7 6  
P h o t o l y s i s  m e t h o x id e  s u r f a c e  E S R  2 8 3 7  
P h o t o l y s i s  n i t r o g e n  d io x id e  1 1 5 3  2 6 0 4  
P h o t o l y s i s  n i t r o u s  o x id e  h y d r o p e r o x y l  1 0 9 6  
P h o t o l y s i s  o z o n e  o x y g e n  s i n g le t  1 0 0 7  
P h o t o l y s i s  p h e n o l i c  c o m p d  1 0  
P h o t o l y s i s  p h e n y lg l y c in e  1 6 2 0  
P h o t o l y s i s  t h y m i n e  o r o t i c  a c id  2 2 4 6  
P h o t o l y s i s  U V  c h l o r o o l e f i n  r a d i c a l  1 8 1 9  
P h o t o l y s i s  U V  c y c lo h e x a n o n e  s i n g le t  1 9 3 6  
P h o t o l y s i s  U V  h y d r a z o i c  a c id  1 1 9 5  
P h o t o l y s i s  U V  m e t h y l c y c lo p r o p a n e  m e t h y le n e  

7 5 9
P h o t o l y s i s  U V  o z o n e  1 9 3 2  
P h o t o l y s i s  U V  p e p t id e  r a d i c a l  1 9 4 4  
P h o t o l y s i s  U V  t h ie t a n e  v a p o r  4 3 4  
P h o t o m i c r o g r a p h y  c a r b o n y l b i s a m i n o  a c id  

e s t e r  3 0 1 6
P h o t o o x id n  c o b a l t  c o m p l e x  r u t h e n i u m  1 8 2 3  
P h o t o o x id n  d i p y r i d y l r u t h e n i u m  b r o m id e  

9 7 1
P h o t o p h y s  p r o c e s s  e t h y l e n e d i a m i n e c h r o m i u m  

2 9 4 7

P h o t o p o ly m n  a c r y l i c  m o n o m e r  2 7 2 0  
P h o t o p r o d n  a n t h r a c e n e  r a d i c a l  c a t i o n  2 1 5 9  
P h o t o p r o d n  r a d i c a l  g a s  d e t n  1 3 9  
P h o t o r e a c t i o n  h e x a c y a n o c h r o m a t e  e x c i t e d  

s t a t e  1 3 0 7
P h o t o r e d n  n a p h t h o f u r a n d io n e  m e c h a n i s m  

9 8 7
P h o t o r e d n  n i t r o p y r i d i n e  q u a n t u m  y i e l d  

1 4 8 7
P h o t o r e d o x  t r a n s i t i o n  m e t a l  E D T A  2 0 4 9  
P h o t o s e n s i t i z a t i o n  U V  lu m in e s c e n c e  d u r e n e  

2 4 1 1
P h o t o s e n s i t i z e d  r e d o x  a m m i n e  c o b a l t  9 7 1  
P h o t o s t a b i l i t y  i n d i g o id  d y e  1 2 0 4  
P h t h a l a t e  h y d r a t e  e le c t r o n  c o n d  6 7 4  
P h t h a l a t e  r a d i c a l  E S R  6 2 0  
P h t h a lo c y a n in e  c o p p e r  p o l y m o r p h  s t r u c t u r e  

4 7 7
P i  r a d i c a l  o r g  i n o r g  1 8 9 6  
P i c r a t e  a l k a l i  m e t a l  c o n d  7 1 8  
P i c r a t e  s a l t  c o n d  m e t h y l p h o s p h o t r ia m i d e  

1 2 5 8
P ip e r a z in e d io n e  M O  p y r r o l i d i n o n e  2 4 8  
P i p e r i d i n e c a r b o x y l i c  a c id  p r o t o n  io n i z a t i o n  

2 8 6
P ip e r i d o n e o x y  h y p e r f in e  s p l i t t i n g  E S R  7 2  
P K  n e u t r a l i z a t i o n  p o l y e l e c t r o l y t e  2 2 0 6  
P l a i t  p o in t  l i q  s y s t e m  1 5 7 2  
P la t i n u m  b r o m o  e t h y le n e d ia m in e  c o m p le x  

3 0 7 7
P la t i n u m  c a t a l y s t  c a r b o n  n i t r o g e n  o x id e  

1 9 5 2
P la t i n u m  e le c t r o d e  c h e m is o r b e d  o le f i n  

c o m p le x  1 4 1 1
P la t i n u m  e le c t r o d e  i r o n  c o m p le x  c h e m is o r b e d  

1 4 0 1
P la t i n u m  p o r p h y r i n  t r i p l e t  l i f e t i m e  1 5 4  
P lu t o n i u m  o x id e  d e s o r p t iz m  w a t e r  5 8 1  
P M R  A e r o s o l  s a l t  o c t a n e  2 3 8  
P M R  a l k y l a m m o n i u m  c a r b o x y la t e  m i c e l le  

1 4 3 2
P M R  c a r b o x y la t e  m i c e l le  1 8 7 6  
P M R  e l e c t r o l y t e  s o ln  1 8 6 9  
P M R  m e t h y l m e r c u r y  a c e t v l c y s t e in e  c o m p le x  

2 2 8 2
P M R  s u p e r c o o le d  w a t e r  3 0 9 2  
P o is s o n  B o l t z m a n n  c o l l o i d  v a r i a t i o n a l  2 3 6 7  
P o l a n y i  a d s o r p t io n  p o t e n t ia l  t h e o r y  8 0 9  
P o l a r i z a b i l i t y  c y a n o  g r o u p  2 0 9 0  
P o l a r i z a b i l i t y  m o l  ic e  4 2 3  
P o l a r i z a b i l i t y  s o l v a t i n g  g r o u p  o r d e r  7 
P o l a r i z a t i o n  a m m o n ia  1 7 5 3  
P o l a r i z a t i o n  e le c  p o ly s t y r e n e s u l f o n a t e  2 1 0 1  
P o l a r i z a t i o n  p a r a m e t e r  r . i t r o x y l  7 2  
P o l a r i z a t i o n  p a r a m e t e r  c x y g e n  r a d i c a l  1 8 9 6  
P o l a r i z i b i l i t y  m o l  h y d r o c a r b o n  2 5 5 2  
P o l a r o g  e t h y le n e  g l y c o l  r a d i o l y s i s  16 
P o l a r o g  s h o r t  d r o p  t i m e  9 1 5  
P o la r o n  r e a c t i v i t y  d ie le c  c o n s t  1 7 1 1  
P o la r o n  r e d n  m e r c u r y  c h l o r i d e  6 1 4  
P o la r o n  s o d iu m  c a t i o n  p a i r  1 0 0 2  
P o la r o n  s p e c t r u m  a m in e  g la s s  1 8 0 3  
P o la r o n  w a t e r  r a d i o l y s i s  2 6 9 1  
P o le m ic  a m m o n ia  d e c o m p n  t u n g s t e n  1 3 5  
P o l l u t i o n  a u t o m o b i l e  e x h a u s t  c o n t r o l  1 9 5 2  
P o l y a c id  c o n f o r m a t io n  t r a n s i t i o n  d e n a t u r a n t  

1 4 2 7
P o l y a c r y l a t e  c h lo r i d e  d i f f u s i o n  s o d iu m  2 6 8 4  
P o l y a c r y l i c  a c id  io n  s iz e  1 9 8 1  
P o l y a c r y l o n i t r i l e  a q u a  c o m p le x  E S R  1 3 7 8  
P o l y a la n in e  c o n f o r m a t io n  r o t a t i o n a l  b a r r i e r  

3 0 3 3
P o ly a m id e  s a l t  e q u i l  m e l t i n g  3 8 9  
P o l y b e n z y l  g l u t a m a t e  n i t r o x i d e  l a b e le d  1 8 2  
P o l y b e n z y l  g l u t a m a t e  t r a n s i t i o n  t h e r m o d n  

1 1 3 9
P o ly b u t a d ie n e  h y d r o g e n a t e d  u n p e r t u r b e d  

d im e n s io n  7 8
P o ly b u t e n e  c h a in  b r a n c h i n g  1 9 8 6  
P o l y c a r b o x y l i c  a c id  i o n i z a t i o n  e n t h a l p y  5 3 9  
P o l y e l e c t r o l y t e  A c r id i n e  O r a n g e  i n t e r a c t i o n  

2 0 4
P o l y e l e c t r o l y t e  d i f f u s i o n  t i t a n i u m  o x id e  

2 9 1 8
P o l y e l e c t r o l y t e  d y e  b i n d i n g  1 7 7 2  
P o l y e l e c t r o l y t e  e le c  b i r e f r i n g e n c e  2 1 0 1  
P o l y e l e c t r o l y t e  e l e c t r o l y t e  a c t i v i t y  2 7 9 0  
P o l y e l e c t r o l y t e  g l u t a m i n e  p e p t id e  t r a n s i t i o n  

2 4 2
P o l y e l e c t r o l y t e  io n  a c t i v i t y  m o b i l i t y  2 9 9 5  
P o l y e l e c t r o l y t e  io n  s iz e  1 9 8 1  
P o l y e l e c t r o l y t e  p o t e n t i o m e t r i c  t i t r n  2 2 0 6  
P o l y e l e c t r o l y t e  v o l  c o n c n  d e p e n d e n c e  2 2 2 5  
P o l y e t h y le n e  a l k y l  r a d i c a l  d e c a y  40  
P o l y e t h y le n e  o x id e  h y d r o x y l  r e a c t i o n  2 4 2 0  
P o l y e t h y le n e  r a d i a t i o n  c h e m  2 1 7 4  
P o l y g l u t a m a t e  o r i e n t a t i o n  a c id  e f f e c t  2 9 2 5  
P o l y g l u t a m a t e  s p in  l a b e le d  n i t r o x i d e  1 8 2  
P o l y l y s i n e  f lu o r e s c e n c e  6 4 8  
P o l y m e r  a c e t i c  a c id  2 2 9 5  
P o l y m e r  c o p p e r  e t h y n y l  p h o t o c o n d  2 6 7 7
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P o l y m e r  s o in  t h e r m o d n  f r e e  v o l  2 9 7 7  
P o l y m e r  s o l v e n t  s u r f a c e  t e n s io n  3 5 6  
P o l y m e r i z a t i o n  c a r b D n  m o n o s u l f i d e  2 6 0 1  
P o l y m e t h a c r y l i c  a c id  d y e  b i n d i n g  1 7 7 8  
P o l y m e t h a c r y l i c  b i n d i n g  c r y s t a l  v i o l e t  1 7 7 2  
P o l y m n  n i t r o s a m i n e  a n io n  r a d i c a l  6 1 1  
P o l y m n  p o ly p h o s p h a t e  s o d iu m  r e l a x a t i o n  

1 5 9 3
P o l y m o r p h  s t r u c t u r e  c o p p e r  p h t h a lo c y a n in e  

4 7 7
P o l y o l e f i n  c h a i n  d im e n s io n  t e m p  1 9 8 6  
P o l y o x y e t h y le n e  g l y c o l  s u l f a t e  s u r f a c t a n t  

3 7 8
P o ly o x y e t h y le n e  h y d r o x y l  r e a c t i o n  k i n e t i c s  

2 4 2 0
P o ly p e p t i d e  h e l i x  c o i '.  t r a n s i t i o n  t h e r m o d n  

1 1 3 9
P o ly p e p t i d e  s t r u c t u r e  f lu o r e s c e n c e  6 4 8  
P o l y p h o s p h a t e  p o l y m n  s o d iu m  r e l a x a t i o n  

1 5 9 3
P o ly p r o p y le n e  c h a in  b r a n c h i n g  1 9 8 6  
P o l y s t y r e n e  c h a in  b r a n c h i n g  1 9 8 6  
P o l y s t y r e n e  d i p h e n y lm e t h a n e  e l e c t r o l y t i c  

c o n d u c t a n c e  2 2 1 7
P o ly s t y r e n e  n i t r o x i d e  r a d i c a l  E S R  1 6 3 5  
P o l y s t y r e n e  s u l f o n ic  a c id  m e t a c h r o m a s i a  

1 9 2 2
P o ly s t y r e n e s u l f o n a t e  e le c  b i r e f r i n g e n c e  2 1 0 1  
P o l y s t y r e n e s u l f o n a t e  s o d iu m  c h l o r i d e  a c t i v i t y  

2 7 9 0
P o ly s t y r e n e s u l f o n i c  a c id  a c t i v i t y  m o b i l i t y  

2 9 9 5
P o l y s t y r e n e s u l f o n i c  a c id  c o l l o d io n  m e m b r a n e  

92
P o ly s t y r e n e s u l f o n i c  a c id  d y e  i n t e r a c t i o n  2 0 4  
P o l y s t y r e n e s u l f o n i c  a c id  m o l a l  v o l  2 2 2 5  
P o l y s u l f o n i c  a c id  d y e  i n t e r a c t i o n  2 0 4  
P o p u la t i o n  l e v e l  c a r b o n  m o n o x id e  2 4 5 5  
P o r p h y r i n  m e t a l  t r i p l e t  l i f e t i m e  1 5 4  
P o s  h o le  m i g r a t i o n  i r r a d i a t e d  w a t e r  2 9 5 2  
P o s i t r o n i u m  a n n i h i l a t i o n  s u r f a c e  t e n s io n  l i q  

2 2 2 9
P o s i t r o n i u m  c a r b o n i u m  r e a c t i o n  2 0 6 0  
P o s i t r o n i u m  r e a c t i o n  r a t e  c o m p le x  1 7 8  
P o t a s s iu m  a m m o n ia  l i t h i u m  s o in  2 1 0  
P o t a s s iu m  c h l o r i d e  b e a m  r e a c t i o n  3 0 1 1  
P o t a s s iu m  c h l o r i d e  c h o l in e  d i f f u s i o n  2 3 7 1  
P o t a s s iu m  c h l o r i d e  d i f f u s i o n  h y d r o c h l o r i c  

a c id  9 3 4
P o t a s s iu m  c h lo r i d e  e f f e c t  p o l y a m i d e  3 8 9  
P o t a s s iu m  c h l o r i d e  h e a t  m i x i n g  2 1 3 7  
P o t a s s iu m  c h lo r i d e  s o l  d  s o in  t r a n s i t i o n  

1 6 9 5
P o t a s s iu m  i m p u r i t y  io n  p a i r i n g  1 5 6 6  
P o t a s s iu m  io d id e  s o in  i r r a d n  1 7 1  
P o t a s s iu m  l i t h i u m  c h l o r i d e  m e l t  c o n d  1 9 8 9  
P o t a s s iu m  m a g n e s iu m  n i t r a t e  l i q  s t r u c t u r e  

2 2 5 2
P o t a s s iu m  n i t r a t e  I R  m a t r i x  3 0 6 7  
P o t a s s iu m  s a l t  c o n d  m e t h y l p h o s p h o t r ia m i d e  

1 2 5 8
P o t a s s iu m  s i l v e r  n i t r a t e  s u l f a t e  l i q u i d u s  

1 6 9 9
P o t a s s iu m  s i l v e r  s u l f a t e  s y s t e m  2 6 7 2  
P o t a s s iu m  s o l v a t i o n  p r o p y le n e  c a r b o n a t e  

2 4 0 7
P o t a s s iu m  t e t r a c y a n o e t h a n a l i d e  s p in  e x =  

c h a n g e  6 2 5
P o t a s s iu m  z e o l i t e  2 8 8 0
P o t e n t ia l  d i f f e r e n c e  c a r r i e r  t r a n s p o r t  s y s t e m  

8 4 6
P o t e n t ia l  e le c t r o d e  c h e m is o r b e d  c h e la t e  

1 4 0 1
P o t e n t ia l  e l e c t r o r e d n  a ld e h y d e  k e to n e  e n e r g y  

3 3 6
P o t e n t ia l  e l e c t r o s t a t i c  c o l l o i d  2 3 6 7  
P o t e n t ia l  e n e r g y  a d s o r p t i o n  g r a p h i t e  6 5 7  
P o t e n t ia l  e n e r g y  b o r a n e  t r i m e t h y l p h o s p h i n e  

1 9 7 2
P o t e n t ia l  e n e r g y  f u n c t i o n  b i f l u o r i d e  1 7 6 4  
P o t e n t ia l  e n e r g y  g o ld  g a s  1 9 6 9  
P o t e n t ia l  i n t e r m o l  e x p  6 2 6 6 8  
P o t e n t ia l  i o n i c  h y d r a t io n  p o le m ic  1 5 9 8  
P o t e n t ia l  io n iz e d  l i q  m e m b r a n e  2 1 2 2  
P o t e n t i a l  l i q  j u n c t i o n  c o m p u t e r  s i m u l a t i o n  

1 5 4 0
P o t e n t ia l  o x id n  s p e c t r o s c o p y  t r a n s i t i o n  

m e t a l  1 5 2 8
P o t e n t i a l  s t d  l a n t h a n id e  a c t i n i d e  1 5 2 8  
P o t e n t i a l  z e r o  c h a r g e  in v e r s io n  m e t h o d  2 7 8 7  
P o t e n t io m e t r i e  t i t r n  p o l y e l e c t r o l y t e  2 2 0 6  
P o t e n t i o m e t r y  p o l y m e t h a c r y l i c  d y e  b in d in g  

1 7 7 8
P p t n  b o e h m i t e  a lu m i n u m  s o in  2 4 7 4  
P r e d i c t i o n  p r o p e r t y  e le m e n t  1 1 1  1 8 0 6  
P r e s s u r e  d e p e n d e n c e  e q u i l  c o n s t  9 3 1  
P r e s s u r e  i o n i z a t i o n  w e a k  a c id  2 6 8 7  
P r e s s u r e  p a r t i a l  r h e n i u m  o x id e  1 5 7 8  
P r e s s u r e  s i l i c a  h y d r o x y l  I R  1 4 7 0  
P r o b e  h a l id e  p o ly p e p t i d e  N M R  2 7 5 9  
P r o p a n e  f l u o r i n e  a t o m  c h e m i lu m in e s c e n c e  

2 4 9 3
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P r o p a n e d i t h i o l  R a m a n  I R  c o n f o r m a t io n  4 6 9  
P r o p e n e  f l u o r o  c y c l o t r o n  r e s o n a n c e  1 4 8  
P r o p e n e  r e a c t i o n  h y d r o x y l  e r i o n i t e  2 1 8 3  
P r o p e n e  t o l u e n e s u l f o n i c  a c id  h y d r o g e n  

e x c h a n g e  2 9 9
P r o p io n a m id e  a s s o c n  c a r b o n  t e t r a c h l o r i d e  

2 1 1 8
P r o p i o n i c  a c id  e l e c t r o n  r e a c t i o n  2 5 2 7  
P r o p i o n i t r i l e  s i l v e r  h a l i d e  c o m p le x  3 0 0 2  
P r o p y l  r e a c t i o n  s i la n e  A r r h e n i u s  1 7 4 1  
P r o p y le n e  c a r b o n a t e  c o n d  e l e c t r o l y t e  3 0 8 9  
P r o p y le n e  c a r b o n a t e  s o l v a t i o n  2 4 0 7  
P r o p y le n e  c o p o l y m e r  d is s o c n  m a l e i c  a c id  

5 3 9
P r o p y le n e  z e o l i t e  R a m a n  2 2 2  
P r o t e i n  i n t e r a c t i n g  s y s t e m  c e n t r i f u g a t io n  

1 2 5 0
P r o t e i n  m i g r a t i o n  p a t t e r n  2 9 1 2  
P r o t o l y s i s  a n i l i n e  k i n e t i c s  1 5 6 2  
P r o t o n  e x c h a n g e  d i m e t h y lu r e a  a c id  2 9 9 9  
P r o t o n  e x c h a n g e  r a t e  h e x a m m i n e r u t h e n i u m  

9 6 0
P r o t o n  h y d r a t e d  a s s o c n  o x y g e n  c o m p d  1 9 9 7  
P r o t o n  h y d r a t e d  p e n e t r a t i o n  e s t e r  1 9 9 4  
P r o t o n  h y d r a t i o n  m ix e d  s o l v e n t  2 6 8 1  
P r o t o n  i o n i z a t i o n  e l e c t r o s t a t i c  e f f e c t  2 8 6  
P r o t o n  t r a n s f e r  m o d e l  2 0 9 8  
P r o t o n  t r a n s f e r  n u c le i c  a c id  1 6 2 4  
P r o t o n  t r a n s f e r  n u c le o t id e  n u c le o s id e  2 3 2 9  
P r o t o n a t i o n  a c r y l i c  a c id  2 7 3 9  
P r o t o n a t i o n  a r o m  c a r b o x y la t e  r a d i c a l  6 2 0  
P r o t o n a t i o n  e q u i l  c o n s t  k i n e t i c s  1 9 9 7  
P r o t o n a t i o n  p e r m a n g a n a t e  b r o m id e  r e d o x  

1 5 4 7
P s e u d o  is o s b e s t i c  p o i n t  2 0 8 5  
P u ls e  r a d i o l y s i s  a m id e  i m i d e  9 9 6  
P u ls e  r a d i o l y s i s  a q  s o ln  1 3 5 0  
P u ls e  r a d i o l y s i s  a r o m a t i c  c a r b o x y l i c  a c id  

1 1 1 7
P u ls e  r a d i o l y s i s  c a r b o n  t e t r a c h l o r i d e  1 6 7  
P u ls e  r a d i o l y s i s  e l e c t r o n i c  p r o c e s s  1 7 1  
P u ls e  r a d i o l y s i s  e t h y le n e  g l y c o l  16  
P u ls e  r a d i o l y s i s  h y d r a t e d  e l e c t r o n  4 2 5  
P u ls e  r a d i o l y s i s  i n o r g  g la s s  2 8 5 7  
P u ls e  r a d i o l y s i s  m e r c u r i c  i o n  2 8 6 8  
P u ls e  r a d i o l y s i s  m e t h a n o l  io n  5 9 7  
P u ls e  r a d i o l y s i s  n i f u r o x i m e  1 8 3 4  
P u ls e  r a d i o l y s i s  n i t r o f u r a n  1 1 8 7  
P u ls e  r a d i o l y s i s  s u l f h y d r y l  c o m p d  9 9 0  
P u ls e  r a d i o l y s i s  s u l f u r i c  a c id  2 1 5 6  
P u ls e  r a d i o l y s i s  t o lu e n e  e le c t r o n  9 8 3  
F u r i n e  m e t h y l a m in o  t h e r m o d n  a s s o c n  5 4 4  
F y r a z o l i n y l  s u l f a t e  o p t i c a l  p r o p e r t i e s  1 8 1 7  
P y r e n e  a le  s o ln  i r r a d n  1 7 1  
P y r e n e  a n io n  M O  1 8 1 4  
P y r i d i n e  b r o m in e  c h a r g e  t r a n s f e r  1 6 6 2  
P y r i d i n e  c a r b o n y l  l i t h i u m  s o l v a t i o n  2 8 8 8  
F * y r id in e  d e r i v  r a d i c a l  E S R  2 0 7 6  
P y r i d i n e  d i m e t h y l  s u l f o x id e  a s s o c n  2 4 4 4  
P y r i d i n e  m e r c u r y  a d d u c t  t h e r m o d n  5 5 8  
P y r i d i n e  n i t r o  o x id e  2 7 4 4  
P y r i d i n e  s t y r y l  f l u o r e s c e n c e  b a s i c i t y  6 01  
P y r i m i d i n e  t r i p l e t  s t a t e  q u e n c h in g  2 2 4 6  
P y r o c a t e c h o l  h a l id e  p e r c h l o r a t e  c o m p le x  

1 7 9 5
P y r o m e l l i t a t e  r a d i c a l  E S R  6 2 0  
P y r o p h o s p h a t e  c h e la t io n  m a g n e s iu m  k in e t i c s  

2 3 1 8
P y r r o l i d i n o n e  M O  p ip e r a z in e d io n e  2 4 8  
Q u a d r u p o le  c o n t r i b u t i o n  o r i e n t e d  h e l i x  1 6 5 3  
Q u a d r u p o le  m o m e n t  w a t e r  2 6 7 0  
Q u a n t u m  e x c i t a t i o n  p r o c e s s  1 3 9 4  
Q u a n t u m  m e c h a n ic s  H a r t r e e  F o c k  1 9 8 3  
Q u a n t u m  y i e l d  b e n z e n e  t r i p l e t  1 1 0 5  
Q u a n t u m  y i e l d  p h o t o r e d n  n i t r o p y r i d i n e  

1 4 8 7
Q u a r t z  R a m a n  2 2 2
Q u a s i l a t t i c e  m o d e l  n i t r a t e  s y s t e m  2 6 7 2  
Q u e n c h in g  e x c i m e r  t r i p l e t  p o r p h y r i n  1 54  
Q u e n c h in g  f lu o r e s c e n c e  a n o s o le  h v d r o q u in o n e  

1 3 4 5
Q u e n c h in g  f lu o r e s c e n c e  a r o m  c o m p d  5 6 2  
Q t e n c h i n g  f lu o r e s c e n c e  b ip h e n y l  1 2 0 7  
Q u e n c h in g  f lu o r e s c e n c e  m e t h y l  a n t h r o a t e  

1 6 1 1
Q u e n c h in g  f lu o r e s c e n c e  n e o d y m iu m  g la s s  

1 0 1 6
Q u e n c h in g  lu m in e s c e n c e  b i p y r i d i n e  r u t h e n iu m  

3 0 4 2
Q u e n c h in g  p h o s p h o r e s c e n c e  c h r o m i u m  

e t h y l e n e d i a m i n e  2 6 1 4  
Q u e n c h in g  p h o s p h o r e s c e n c e  r u t h e n i u m  

d i p y r i d y l  8 6 1
Q u e n c h in g  t r i p l e t  s t a t e  p y r i m i d i n e  2 2 4 6  
Q u i n o l i n i u m  h y d r o x y  a c i d i t y  e x c i t e d  s t a t e  

1 5 9 5
R a d i a t i o n  c h e m  p o l y e t h y le n e  2 1 7 4  
R a d i a t i v e  p r o c e s s  s o lv a t e d  e le c t r o n  1 0 4 0  
R a d i c a l  a d d n  u n s a t d  a le  2 6 6 2  
R a d i c a l  a n io n  m e t h y l  m e t h a c r y l a t e  E S R  

1 1 6 3
R a d i c a l  a n io n  n i t r o s a m i n e  E S R  6 1 1

1 1 K

R a d i c a l  c a t i o n  a n t h r a c e n e  p h o t o p r o d n  2 1 5 9  
R a d i c a l  c a t i o n  s p l i t t i n g  E S R  1 8 5 3  
R a d i c a l  c a t i o n  t e t r a t h i o t e t r a c e n e  1 8 6 2  
R a d i c a .  c h l o r o o l e f i n  U V  p h o t o l y s is  1 8 1 9  
R a d i c a  d e c a y  p o l y e t h y le n e  4 0  2 1 7 4  
R a d i c a l  E S R  a r o m  c a r b o x y la t e  6 2 0  
R a d i c a l  E S R  f u r a n  r a d i o l y s i s  4 5 6  
R a d i c a l  E S R  V y c o r  g la s s  1 0 2 3  
R a d i c a l  f l u o r o m e t h y l  r e a c t i o n  k i n e t i c s  1 3 3 5  
R a d i c a l  f r e e  s c a v e n g in g  r a d i o l y s i s  1 67  
R a d i c a l  h y d r o x y a l k y l  E S R  7 7 7  
R a d i c a l  h y d r o x y a l k y l  io n i z a t i o n  1 2 8 3  
R a d i c a l  h y d r o x y l  a le  r e a c t i o n  1 2 1 8  
R a d i c a l  h y d r o x y l  f lu o r o b e n z e n e  r e a c t i o n  7 4 9  
R a d i c a l  h y d r o x y l  p h o s p h a te  e s t e r  r e a c t i o n  

2 4 2 5
R a d i c a l  m a l o n i c  a c id  E S R  2 0 5 5  
R a d i c a l  m e t h y l  h y d r o g e n  a b s t r a c t i o n  2 0 6 6  
R a d i c a l  o r g  E S R  4 5 3  
R a d i c a l  o x y g e n  f o r m a t i o n  z e o l i t e  9 2 5  
R a d i c a l  o x y g e n  p o l a r i z a t i o n  p a r a m e t e r  1 8 9 6  
R a d i c a l  p e p t id e  a m in o  a c id  2 9 5 4  
R a d i c a l  p e r f lu o r o s u c c in a t e  E S R  1 4 9 1  
R a d i c a l  r e d n  d y e  2 7 5 3  
R a d i c a l  r e d n  m e r c u r y  c h l o r i d e  6 1 4  
R a d i c a l  s e m iq u in o n e  s p e c t r a  io n i z a t i o n  

2 2 7 4
R a d i c a l  s p in  t r a p  d e t n  1 3 9  
R a d i c a l  s u l f a n y l  s o ln  E S R  2 6 4 5  
R a d i c a l  t e r m i n a t i o n  E S R  b a s e l in e  7 2 2  
R a d i c a l  u r a c i l y l  h a l o u r a c i l  r a d i o l y s i s  1 8 8 8  
R a d i c a l  ~ JV  p h o t o l y s is  p e p t id e  1 9 4 4  
R a d i c a l  v i n y l  L C A O  M O  4 9 4  
R a d io a c t i v e  d e c a y  r a n d o m n e s s  s t a t i s t i c s  

3 1 1 4
R a d io c h e m  s p u r  d i f f u s i o n  m o d e l  1 3 5 0  
R a d io l y s i s  a q  b r o m o p h e n o l  l i q  c h r o m a t o g  

1 3 5 6
R a d io l y s i s  b u t a n e  f r a g m e n t  y i e l d  7 5 5  
R a d i o l y s i s  c y c lo h e x a n e  n i t r o u s  o x id e  5 8 6  
R a d i o l y s i s  f r e e  r a d i c a l  s c a v e n g in g  1 67  
R a d i o l y s i s  f u r a n  r a d i c a l  E S R  4 5 6  
R a d i o l y s i s  g a m m a  a c id  e l e c t r o n  2 5 2 7  
R a d i o l y s i s  g a m m a  m e r c u r y  c h l o r i d e  6 1 4  
R a d i o l y s i s  g a m m a  m e t h v lp e n t a n e  y i e l d  

2 8 6 4
R a d i o l y s i s  g a m m a  w a t e r  e le c t r o n  2 6 9 1  
R a d i o l y s i s  g a m m a  w a t e r  y i e l d  7 6 5  
R a d io l y s i s  h a l c u r a c i l  u r a c i l y l  r a d i c a l  1 8 8 8  
R a d io l y s i s  h e x a t r ia c o n t a n e  E P R  2 1 8 0  
R a d io l y s i s  h y d r o c a r b o n  b r o m o b e n z e n e  

e l e c t r o n  s c a v e n g e r  2 5 2 4  
R a d i o l y s i s  h y d r o c a r b o n  e le c t r o n  s c a v e n g in g  

9 7 8
R a d i o l y s i s  h y d r o c a r b o n s  s u l f u r  h e x a f l u o r i d e  

2 8 5 3
R a d io l y s i s  h y d r o x y la t i o n  b e n z e n e  5 8 9  
R a d io l y s i s  m a g n e s iu m  p e r c h l o r a t e  3 0 5 8  
R a d io l y s i s  m a l o n i c  a c id  r a d i c a l  2 0 5 5  
R a d i o l y s i s  m e t h a n o l  b e n z y l  c h l o r i d e  5 9 7  
R a d i o l y s i s  m e t h v l  m e t h a c r y l a t e  m e c h a n is m  

1 1 6 3
R a d i o l y s i s  n i t r i c  o x id e  w a t e r  2 5 9 4  
R a d io l y s i s  n i t r e u s  o x id e  x e n o n  1 1 7 6  
R a d io l y s i s  p u ls e  a m id e  i m i d e  9 9 6  
R a d io l y s i s  p u ls e  a q  s o ln  1 3 5 0  
R a d io l y s i s  p u ls e  a r o m a t i c  c a r b o x y l i c  a c id  

1 1 1 7
R a d io l y s i s  p u ls e  e l e c t r o n i c  p r o c e s s  1 7 1  
R a d i o l y s i s  p u ls e  e t h y le n e  g l y c o l  1 6  
R a d i o l y s i s  p u ls e  h y d r a t e d  e le c t r o n  4 2 5  
R a d i o l y s i s  p u ls e  i n o r g  g la s s  2 8 5 7  
R a d i o l y s i s  p u ls e  m e r c u r i c  i o n  2 8 6 8  
R a d i o l y s i s  p u ls e  n a p h t h a le n e  a n t h r a c e n e  4 5  
R a d i o l y s i s  p u ls e  n i f u r o x i m e  1 8 3 4  
R a d i o l y s i s  p u ls e  n i t r o f u r a n  1 1 8 7  
R a d i o l y s i s  p u ls e  s u l f h y d r y l  c o m p d  9 9 0  
R a d i o l y s i s  p u ls e  s u l f u r i c  a c id  2 1 5 6  
R a d io l y s i s  t o lu e n e  b e n z y l  f o r m a t i o n  9 8 3  
R a d i o l y s i s  x a n t h e n e  g a m m a  E S R  1 1 0 2  
R a d i o l y t i c  s p u r  h y d r a t e d  e l e c t r o n  1 9 2 6  
R a m a n  a l k a l i  m e t a l  a m m o n ia  1 7 5 3  
R a m a n  b a n d s h a p e  h y d r o g e n  b o n d in g  2 7 7 9  
R a m a n  b o r a n e  t r i m e t h y l p h o s p h i n e  1 9 7 2  
R a m a n  c h lo r i n e  o x id e  3 0 6 2  
R a m a n  d i s u l f i d e  c o n f o r m a t io n  1 1 2 9  
R a m a n  I R  c o n f o r m a t io n  p r o p a n e d i t h i o l  4 6 9  
R a m a n  l i q  a m m o n ia  s t r u c t u r e  2 1 8 5  
R a m a n  m a g n e s iu m  s o d iu m  n i t r a t e  2 2 5 2  
R a m a n  n a p h t h a le n e  a n io n  2 9 0 3  
R a m a n  p h o s p h in e  i m id e  m e t h y l  1 5 0 6  
R a m a n  q u a r t z  s o d a l i t e  z e o l i t e  2 2 2  
R a m a n  r u b i d i u m  c e s iu m  o x id e  8 0 1  
R a m a n  s p e c t r a  m a g n e s iu m  c h l o r a t e  6 4 0  
R a m a n  s p e c t r a  m a g n e s iu m  s u l f a t e  1 3 1 5  
R a m a n  s p e c t r a  t h o r i u m  f l u o r i d e  c o m p le x  

2 6 5 4
R a m a n  s u l f u r  a m in e  s o ln  1 8 5 9  
R a m a n  w a t e r  m e t h y l  s u l f o x id e  2 1 0 8  
R a m a n  z i r c o n iu m  f l u o r i d e  c o m p le x  1 3 8 4  
R a n d o m n e s s  r a d i o a c t i v e  d e c a v  s t a t i s t i c s  

3 1 1 4
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R a r e  e a r t h  e n e r g y  l e v e l  3 3 9  
R a r e  e a r t h  i o d id e  m a s s  s p e c t r a  3 1 1 0  
R a t e  c o n s t  e le c t r o d e  k i n e t i c s  s u r f a c t a n t  

1 4 1 1
R e a c t io n  b e a m  a l k  e a r t h  2 9 3 1  
R e a c t i o n  e l e c t r o n  t r a n s f e r  4 8 8  
R e a c t i o n  g a s  t r a n s p o r t  l i q  m e m b r a n e  2 2 0 1  
R e a c t i o n  k i n e t i c s  a c id  b a s e  2 0  
R e a c t i o n  k i n e t i c s  f l u o r o m e t h y l  r a d i c a l  1 3 3 5  
R e a c t i o n  k i n e t i c s  io n  m o l  3 0  
R e a c t i o n  r a t e  h y d r o g e n  b r o m id e  1 0 6 0  
R e a c t i o n  r a t e  p o s i t r o n i u m  c o m p le x  1 7 8  
R e a c t i v i t y  p o la r o n  d ie le c  c o n s t  1 7 1 1  
R e c o m b in a t i o n  b r o m in e  h a lo c a r b o n  c o a t i n g  

1 0 6 0
R e c o m b in a t i o n  c h lo r i n e  a t o m  1 3 2 5  
R e c o m b in a t i o n  d i f f u s i o n  g la s s  r a d i o l y s i s  

2 8 5 7
R e c o m b in a t i o n  i o d in e  m o n o c h lo r i d e  p h o t o l y =  

s is  4 3 0
R e c o m b in a t i o n  k i n e t i c s  d i c a r b o x y l i c  a c id  

2 0 3 1R e d n  c o b a l t  c o m p le x  k i n e t i c s  2 5 7 9  
R e d n  m e r c u r y  c h l o r i d e  o x a l i c  a c id  1 2 6 2  
R e d n  m e r c u r y  c h l o r i d e  r a d i c a l  6 1 4  
R e d n  p o t e n t ia l  a ld e h y d e  k e t o n e  e n e r g y  3 3 6  
R e d n  r a d i c a l  d y e  2 7 5 3  
R e d o x  h y d r o x y a p a t i t e  7 9 1  
R e d o x  p h o t o s e n s i t i z e d  a m m in e  c o b a l t  9 7 1  
R e d o x  r e a c t i o n  b r o m id e  p e r m a n g a n a t e  1 5 4 7  
R e d u c e d  m o ly b d o v a n a d o p h o s p h o r i c  a c id  

E S R  2 8 9 6
R e f l e c t i o n  t i m e  d o m a in  d ie le c  1 3 4 8  
R e f r a c t i o n  b e n z e n e  c y c lo h e x a n e  d io x a n e  

1 2 2 5
R e f r a c t i v e  in d e x  m i c e l le  5 5 4  
R e f r a c t i v e  in d e x  n e m a t ic  l i q  c r y s t a l  9 5 0  
R e l a x a t io n  a q u a  c o m p le x  p o l y a c r y l o n i t r i l e  

1 3 7 8R e l a x a t io n  b e n z y l  c y a n id e  t e m p  1 7 6 8  
R e l a x a t io n  c a r b o n  d io x id e  m e t h a n e  1 0 7 8  
R e la x a t io n  c h e m ic a l  r h o d a m in e  B  1 3 1 7  
R e l a x a t io n  d ie le c  a c e to p h e n o n e  m ic r o w a v e  

7 1 4
R e l a x a t io n  d ie le c  a c e t y l a c e t o n a t e  1 0 7 3  
R e l a x a t io n  d ie le c  b r o m o a lk a n e  2 3 0  
R e la x a t io n  d ie le c  p a r a m e t e r  d e t n  1 3 4 8  
R e la x a t io n  e n e r g y  c y c lo b u t a n o n e  p h o t o d is =  

s o c n  9 5 4
R e la x a t io n  s o d iu m  p o ly p h o s p h a t e  p o l y m n  

1 5 9 3
R e la x a t io n  s p in  l a t t i c e  h e a v y  w a t e r  2 4 8 7  
R e la x a t io n  s p in  l a t t i c e  h y d r o c a r b o n  1 1 3 4  
R e o r i e n t a t i o n  d ip o le  b r o m o a lk a n e  2 3 2  
R e s o n a n c e  e le c t r o n  d o u b le  e x c h a n g e  6 2 9  
R e t i n a l  p h o t o i s o m e r iz a t i o n  e n e r g y  t r a n s f e r  

8 8 9
R e v ie w  c y c lo b u t a n o n e  t h e r m o l y s is  m e c h a n is m  

1 3 1 6  1 3 1 7
R h e n iu m  o x id e  e q u i l  1 5 7 8  
R h o d a m in e  B  c h e m i c a l  r e l a x a t i o n  1 3 1 7  
R h o d iu m  a l lo y  h y d r o g e n  a b s o r p t i o n  3 5  
R h o d iu m  p a l l a d iu m  a l lo y  d i f f u s i o n  h y d r o g e n  

2 8 0 4
R h o d iz o n a t e  e le c t r o c h e m  o x id n  r e d n  2 6 5 2  
R ib o s e  p h o s p h a te  u l t r a s o n i c  a b s o r p t i o n  

2 3 2 9
R o t a t i o n  a c t i v a t i o n  e n e r g y  p o l y s t y r e n e  1 6 3 5  
R o t a t i o n  b a r r i e r  c o n f o r m a t io n  p h e n o l  1 1 5 7  
R o t a t i o n  b a r r i e r  p h e n o l  d e r i v  2 0 9 4  
R o t a t i o n  b a r r i e r  t h i o a m id e  N M R  1 2 2 8  
R o t a t i o n  b e n z y l  c y a n id e  p r e s s u r e  1 7 6 8  
R o t a t i o n  c a r b o n  b o n d  b r o m o a lk a n e  2 3 0  
R o t a t i o n  e t h a n e t h io l  f a r  I R  1 9 7 7  
R o t a t i o n  i n t e r n a l  a c e t y l p y r r o l e  t h e r m o d n  

5 6 7
R o t a t i o n  m a l o n o n i t r i l e  a c r y l o n i t r i l e  a m in o  

4 1 9
R o t a t i o n a l  b a r r i e r  p o l y a la n in e  3 0 3 3  
R o t a t i o n a l  i s o m e r i s m  p h e n y la la n in e  a n io n  

1 5 0 1
R u b i d i u m  c h lo r i d e  s o l i d  s o in  t r a n s i t i o n  

1 6 9 5
R u b i d i u m  o x y g e n  i n t e r a c t i o n  R a m a n  8 0 1  
R u t h e n iu m  b i p y r i d i n e  lu m in e s c e n c e  q u e n c h =  

i n g  3 0 4 2
R u t h e n iu m  d i p y r i d y l  p h o s p h o r e s c e n c e  

q u e n c h in g  8 6 1
R u t h e n iu m  d i p y r i d y l  p h o t o o x id n  9 7 1  
R u t h e n iu m  p h o t o o x id n  c o b a l t  c o m p le x  1 8 2 3  
S a l t  m o l t e n  e l e c t r o c h e m i s t r y  1 9 8 9  
S a l t  o c ta n e  A e r o s o l  P M R  2 3 8  
S a l t  p o l y a m id e  e q u i l  m e l t i n g  3 8 9  
S a l t  s u l f o n y l m e t h y l  p e r c h l o r a t e  s o l v o l y s i s  

1 2 7 1
S a m a r iu m  s t d  o x id n  p o t e n t ia l  1 5 2 8  
S c a v e n g e r  s o l v a t e d  e le c t r o n  8 9 3  
S c a v e n g in g  e le c t r o n  h y d r o c a r b o n  r a d i o l y s i s  

9 7 8
S c a v e n g in g  f r e e  r a d i c a l  r a d i o l y s i s  1 6 7  
S C F M O  s p e c t r a  k e t y l  r a d i c a l  1 6 7 3  
S e d im e n t a t i o n  e q u i l  a s s o c n  2 9 0 7

S e e b e c k  a r y l  e t h y n y l  c o p p e r  2 6 7 7  
S e le n in y l  c h l o r i d e  n e o d y m iu m  s p e c t r o s c o p y  

1 3 7 0
S e le n o in d ig o  d y e  s p e c t r a  8 3 1  
S e le n o in d ig o  p h o t o s t a b i l i t y  1 2 0 4  
S e m ic o n d u c t i n g  s o l id  o z o n e  a d s o r p t i o n  5 5 6  
S e m i e m p i r i c a l  c a l c n  d ia q u o h y d r o g e n  io n  

2 5 6 0
S e m iq u in o n e  r a d i c a l  s p e c t r a  i o n i z a t i o n  2 2 7 4  
S e n s i t iz a t i o n  h e x a c y a n o c h r o m a t e  p h o t o r e a c  =  

t i o n  1 3 0 7
S e n s i t iz e r  r u t h e n i u m  p h o t o o x id n  1 8 2 3  
S h i f t  r e a c t i o n  c a t a l y s i s  m e c h a n i s m  1 6 0 1  
S h i f t  r e a c t i o n  w a t e r  g a s  4 4 7  
S h o c k  t u b e  i s o m e r i z a t i o n  c y c lo p r o p a n e  1 4 3  
S h o c k  w a v e  c y a n o g e n  d is s o c n  5 7 5  
S h o c k  w a v e  d is s o c n  n i t r o g e n  f l u o r i d e  1 4 7 5  
S h o c k  w a v e  n i t r o g e n  f l u o r i d e  2 8 2 3  
S h o r t  d r o p  t i m e  p o la r o g  9 1 5  
S i la n e  m e t h a n e  io n  m o l  r e a c t i o n  2 5 8 7  
S i la n e  r e a c t i o n  a l k y l  r a d i c a l  1 7 4 1  
S i la n e  r e a c t i o n  m e t h y l  A r r h e n i u s  1 7 3 4  
S i la n e  w a t e r  c a t i o n  m o l  r e a c t i o n  2 8 4 1  
S i l i c a  a d s o r b e d  r a d i c a l  E S R  4 5 3  
S i l i c a  a d s o r p t i o n  s u l f u r  c o m p d  2 5 7 1  
S i l i c a  a m in o  h y d r o g e n  b o n d  1 4 7 3  
S i l i c a  b o r i a  s u r f a c e  h y d r o x y l  1 9 6 5  
S i l i c a  c a r b o n  d io x id e  a d s o r p t i o n  1 0 3  
S i l i c a  h y d r o x y l  I R  p r e s s u r e  1 4 7 0  
S i l i c a  m e t h a n o l  d e u t e r o n  m a g n e t i c  r e s o n a n c e  

2 8 4 7
S i l i c a  s i l i c a t e  s u r f a c e  w a t e r  ( c o r r e c t io n )

3 1 2 4
S i l i c a  s u r f a c e  c h l o r i n a t i o n  2 0 7 0  
S i l i c a  s u r f a c e  r e a c t i o n  a le  3 0 4 8  
S i l i c a  w a t e r  a d s o r p t i o n  1 4 5 8  
S i l i c a t e  g la s s  p u ls e  r a d i o l y s i s  2 8 5 7  
S i l i c a t e  s t e r e o c h e m  h y d r a t e d  c o p p e r  1 9 6  
S i l i c o n  b i n d i n g  e n e r g y  9 6 4  
S i l i c o n  h y d r o g e n  b o n d  e n e r g y  7 0 5  
S i l i c o n  o x id e  n i t r i d e  t h e r m o d n  9 7 0  
S i l v e r  b o n d  e n e r g y  i n t e r m e t a l l i c  c o m p d  

2 0 0 8
S i l v e r  b r o m id e  s o ly  w a t e r  2 5 6 4  
S i l v e r  e u r o p i u m  c o m p d  h e a t  f o r m a t i o n  7 0 0  
S i l v e r  h a l i d e  a c e t a t e  s o ly  1 
S i l v e r  h a l i d e  p r o p i o n i t r i l e  c o m p le x  3 0 0 2  
S i l v e r  p o t a s s iu m  n i t r a t e  s u l f a t e  l i q u i d u s  

1 6 9 9
S i l v e r  s o l v a t i o n  p r o p y le n e  c a r b o n a t e  2 4 0 7  
S i l v e r  s u l f a t e  p o t a s s iu m  s y s t e m  2 6 7 2  
S in g le t  c y c lo h e x a n o n e  U V  p h o t o l y s is  1 9 3 6  
S in g le t  e x c i t e d  h y d r o c a r b o n  t r a n s i t i o n  1 21  
S in g le t  m e r c u r y  t r i p l e t  p r o d n  8 7 5  
S in g le t  m e t h y le n e  i n s e r t i o n  c y c lo p r o p a n e  

4 2 7
S in g le t  o x y g e n  o z o n e  p h o t o l y s is  1 0 0 7  
S in g le t  o x y g e n  r e a c t i o n  h y d r o c a r b o n  8 6 3  
S in g le t  t r i p l e t  s p e c t r a  t h e o r y  1 0 7  1 1 4  
S iz e  io n  p o l y e l e c t r o l y t e  1 9 8 1  
S o a p  f i l m  v i s c o s i t y  E S R  3 0 2 0  
S o d a l i t e  R a m a n  2 2 2  
S o d iu m  a l k y l  g l y c o l  s u l f a t e  3 7 8  
S o d iu m  a m m o n ia  l i q  I R  2 8 7 2  
S o d iu m  c a t i o n  p o l a r o n  p a i r  1 0 0 2  
S o d iu m  c h e m is o r p t i o n  z e o l i t e  Y  2 3 0 8  
S o d iu m  c h lo r i d e  d i f f u s i o n  h y d r o c h l o r i c  a c id  

9 3 4
S o d iu m  c h lo r i d e  s o l id  s o in  t r a n s i t i o n  1 6 9 5  
S o d iu m  c h l o r i d e  s o in  i r r a d n  1 7 1  
S o d iu m  c h l o r i d e  s o ly  h e l i u m  p o le m ic  2 9 2 8  
S o d iu m  c h l o r i d e  v a p o r i z a t i o n  k i n e t i c s  1 4 4 2  
S o d iu m  c y a n o e t h y le n e  m a t r i x  p h o t o c o n d  

2 4 3 4
S o d iu m  d i f f u s i o n  a q  s o d iu m  c h l o r i d e  2 2 3 3  
S o d iu m  d i f f u s i o n  p o l y a c r y l a t e  c h l o r i d e  2 6 8 4  
S o d iu m  D o w e x  m a n g a n e s e  s y s t e m  1 2 8 8  
S o d iu m  f l u o r o z i r c o n a t e  R a m a n  1 3 8 4  
S o d iu m  io d id e  a m m o n ia  s o in  2 1 8 5  
S o d iu m  io n  m e m b r a n e  t r a n s p o r t  n o is e  1 5 6 7  
S o d iu m  l i t h i u m  f l u o r i d e  s p e c t r a  2 6 5 4  
S o d iu m  m a g n e s iu m  n i t r a t e  l i q  s t r u c t u r e  

2 2 5 2
S o d iu m  n a p h t h a le n id e  io n  p a i r i n g  1 5 6 6  
S o d iu m  n i t r o s y l  z e o l i t e  E P R  2 9 6 4  
S o d iu m  p h o t o io n iz a t i o n  m e t h y lp e n t a n e  

e le c t r o n  2 1 7 1
S o d iu m  p o l y s t y r e n e s u l f o n a t e  c h l o r i d e  a c t i v i t y  

2 7 9 0
S o d iu m  p o l y s t y r e n e s u l f o n a t e  m o l a l  v o l  2 2 2 5  
S o d iu m  p y r a z o l i n y l  s u l f a t e  O R D  1 8 1 7  
S o d iu m  r e l a x a t i o n  p o ly p h o s p h a t e  p o l y m n  

1 5 9 3
S o d iu m  s a l t  c o n d  m e t h y lp h o s p h o t r ia m id e  

1 2 5 8
S o d iu m  s a l t  s o l v e n t  i n t e r a c t i o n  2 4 4 9  
S o d iu m  s o l v a t i o n  p r o p y le n e  c a r b o n a t e  2 4 0 7  
S o d iu m  s u l f a t e  s o in  a c t i v i t y  1 5 9 4  
S o d iu m  t e t r a p h e n y l b o r o n  g l y m e  c o m p le x  

v i s c o s i t y  2 3 7 7
S o d iu m  w a t e r  A e r o s o l  P M R  2 3 8  
S o d iu m  z e o l i t e  o x y g e n  r a d i c a l  9 2 5

S o l id  s o ln  t r a n s i t i o n  a l k a l i  c h lo r i d e  1 6 9 5  
S o ln  a q  p r o t o n  t r a n s f e r  2 0 9 8  
S o ln  h a r d  s p h e r e  a q  t h e r m o d n  2 4 7 9  
S o ln  p o l y m e r  i n t e r f a c i a l  t e n s io n  3 5 6  
S o l u b i l i t y  t h e o r y  g a s  l i q  4 1 3  
S o lu b i l i z e d  w a t e r  p r o t o n  p e a k  2 3 8  
S o lu te  s o l v e n t  i n t e r a c t i o n  t h e r m o d n  2 1 4 0  
S o lv a t e d  e le c t r o n  a m m o n i a  s p e c t r a  1 3 1 1  
S o lv a t e d  e le c t r o n  H a r t r e e  F o c k  1 4 5 0  
S o lv a t e d  e le c t r o n  h e x a m e t h y lp h o s p h o r ic  

t r i a m i d e  2 4 8 3
S o lv a t e d  e le c t r o n  p u ls e  r a d i o l y s i s  1 3 5 0  
S o lv a t e d  e l e c t r o n  r a d i a t i v e  p r o c e s s  1 0 4 0  
S o lv a t e d  e le c t r o n  s c a v e n g e r  8 9 3  
S o lv a t e d  e le c t r o n  s o ln  I R  2 8 7 2  
S o lv a t e d  e le c t r o n  s o l v e n t  s t r u c t u r e  7 
S o lv a t e d  e le c t r o n  s p e c t r a  2 1 0  
S o lv a t e d  e le c t r o n  u r a c i l  r e a c t i o n  1 6 7 3  
S o l v a t io n  d ie le c  c o n s t  5 3 3  
S o l v a t io n  e n e r g y  a ld e h y d e  k e to n e  3 3 6  
S o lv a t io n  io n  N M R  2 4 4 9  
S o lv a t io n  i o n ic  c o m p r e s s ib i l i t y  p o le m ic  

1 5 9 8
S o lv a t io n  i s o to p e  e f f e c t  a n i l i n e  1 5 5 7  
S o lv a t io n  l i t h i u m  e t h e r  a m m o n i a  2 8 8 8  
S o lv a t io n  m a g n e s iu m  w a t e r  a c e to n e  1 2 9 4  
S o lv a t io n  m e t h y l  a n t h r o a t e  1 6 1 1  
S o lv a t io n  n e o d y m iu m  la s e r  l i q  1 3 7 0  
S o l v a t io n  p r o p y le n e  c a r b o n a t e  2 4 0 7  
S o l v a t io n  s i l v e r  h a l i d e  3 0 0 2  
S o l v a t io n  s u l f o la n e  1 8 8 2  
S o l v a t io n  t r a n s f e r  h y d r o c a r b o n  e t h e r  2 6 9 4  
S o lv e n t  a l k a l i  m e t a l  f l u o r i d e  2 7 9 9  
S o lv e n t  a m m o n iu m  s a l t  i n t e r a c t i o n  5 1 6  
S o lv e n t  e f f e c t  a n a lo g  m o d e l  8 1 3  
S o lv e n t  e f f e c t  d ip o le  m o m e n t  9 2 2  
S o lv e n t  e f f e c t  I R  l a c t a m  6 4 5  
S o lv e n t  e f f e c t  o x id n  r a t e  2 9 0  
S o lv e n t  e f f e c t  p o ly p e p t i d e  c o i l  t r a n s i t i o n  

1 1 3 9S o lv e n t  e f f e c t  p o s i t r o n i u m  r e a c t i o n  1 7 8  
S o lv e n t  e f f e c t  s t y r y l p y r i d i n e  i r r a d n  6 0 5  
S o lv e n t  e f f e c t  U V  p h e n o l  6 4  
S o lv e n t  e x t n  i n d i u m  1 4 9 7  
S o lv e n t  f lu o r e s c e n c e  m e t h y l  a n t h r o a t e  1 6 1 1  
S o lv e n t  h y d r o g e n  b o n d  a c e t o n i t r i l e  5 2 7  
S o lv e n t  i s o to p e  e f f e c t  8 2 2  
S o lv e n t  m ix e d  h y d r a t i o n  p r o t o n  2 6 8 1  
S o lv e n t  p o l y m e r  s u r f a c e  t e n s io n  3 5 6  
S o lv e n t  s o d iu m  s a l t  i n t e r a c t i o n  2 4 4 9  
S o lv e n t  s o lu te  i n t e r a c t i o n  t h e r m o d n  2 1 4 0  
S o lv e n t  s t r u c t u r e  s o l v a t e d  e le c t r o n  7 
S o l v o ly s is  g i b b s i t e  a q  h y d r o x id e  2 9 4 2  
S o l v o l y s i s  k i n e t i c s  s u l f o n y l m e t h y l  p e r c h l o r a t e  

1 2 7 1
S o ly  a l k a l i  m e t a l  c h l o r i d e  5 3 3  
S o ly  b u t a n o l  e t h e r  c o m p r e s s e d  g a s  2 0 1 6  
S o ly  e t h a n o l  i n e r t  g a s  2 0 1 1  
S o ly  h e l i u m  a q  s o d iu m  c h l o r i d e  2 0 1 9  
S o ly  h e l i u m  s o d iu m  c h lo r i d e  p o le m ic  2 9 2 8  
S o ly  m e r c u r y  h a l i d e  o r g  8 7  
S o ly  o r g  h e a v y  w a t e r  9 5  
S o ly  s i l v e r  b r o m id e  w a t e r  2 5 6 4  
S o ly  s i l v e r  h a l i d e  a c e ta te  1 
S o r e t  c o e f f  d e t n  2 0 0 4  
S p e c t r a  a c e t i c  a c id  a s s o c n  2 5 6  
S p e c t r a  a m m o n ia  s o l v a t e d  e l e c t r o n  1 3 1 1  
S p e c t r a  b e r y l l i u m  f l u o r i d e  c o m p le x  2 1 6  
S p e c t r a  c a lc n  h y d r a t e d  e l e c t r o n  2 6 3  
S p e c t r a  e m is s io n  d e c a y  c u r v e s  2 0 3 8  
S p e c t r a  h a l id e  w a t e r  s t r u c t u r e  3 0 7 1  
S p e c t r a  h y d r o c h l o r i c  a c id  c o m p le x  5 7  
S p e c t r a  i n d ig o  d y e  8 3 1  
S p e c t r a  I R  f a c t o r  a n a l y s i s  2 0 8 5  
S p e c t r a  s o lv a t e d  e l e c t r o n  2 1 0  
S p e c t r a l  b a n d s h a p e  h y d r o g e n  b o n d  2 7 7 9  
S p e c t r o s c o p y  a le  r e a c t i o n  s i l i c a  3 0 4 8  
S p e c t r o s c o p y  e le c t r o n  a d s o r b e d  le a d  1 9 2 4  
S p e c t r o s c o p y  o x id n  p o t e n t ia l  t r a n s i t i o n  

m e t a l  1 5 2 8
S p e c t r u m  h y d r o x y c a r b o n i u m  io n  M O  2 2 7 6  
S p e c t r u m  io d in e  2 3 4 6
S p h e r u l i t e  f o r m a t i o n  c h o l e s t e r y l  m y r i s t a t e  

4 0 9
S p h e r u l i t e  g r o w t h  c h o l e s t e r y l  e s t e r  3 9 6  
S p in  c o u p l i n g  m e r c u r y  p e p t id e  2 2 8 2  
S p in  d e c o u p l i n g  c h e m  e x c h a n g e  1 8 9  
S p in  d e n s i t y  d i s t r i b u t i o n  n i t r o x y l  72  
S p in  d e n s i t y  n i t r o s a m i n e  r a d i c a l  6 1 1  
S p in  e x c h a n g e  H e i s e n b e r g  E S R  6 2 5  
S p in  e x c h a n g e  n u c l e a r  d o u b le  r e s o n a n c e  

6 2 9
S p in  l a b e le d  p o l y g l u t a m a t e  n i t r o x i d e  1 8 2  
S p in  l a t t i c e  r e l a x a t i o n  h e a v y  w a t e r  2 4 8 7  
S p in  l a t t i c e  r e l a x a t i o n  h y d r o c a r b o n  1 1 3 4  
S p in  r a d i c a l  t r a p  d e t n  1 3 9  
S p l i t t i n g  E S R  r a d i c a l  s p l i t t i n g  1 8 5 3  
S p u r  d i f f u s i o n  m o d e l  h y d r a t e d  e le c t r o n  

1 9 2 6
S p u r  d i f f u s i o n  m o d e l  r a d io c h e m  1 3 5 0  
S p u r  h y d r a t e d  e le c t r o n  y i e l d  4 2 5  
S q u a r a t e  e le c t r o c h e m  o x id n  2 6 5 2
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S q u a r ic  a c id  U V  3 1 4  
S t a b i l i t y  f o u r  p h a s e  c o n t a c t  l i n e  3 1 8  
S ta te  e q u a t io n  t h e r m o d n  m i x t  2 2 1 2  
S ta te  e x c i t e d  s p l i t t i n g  h y d r a t e d  e le c t r o n  

2 2 8 6
S t a t i s t i c s  r a n d o m n e s s  r a d i o a c t i v e  d e c a y  

3 1 1 4
S td  o x id n  p o t e n t ia l  t r a n s i t i o n  m e t a l  1 5 2 8  
S t e a r a te  m i c e l le  r e f r a c t i v e  in d e x  5 5 4  
S t e r e o c h e m  h y d r a t e d  c o p p e r  s i l i c a t e  1 9 6  
S t e r i c  f a c t o r  a d s o r p t i o n  8 0 9  
S t i lb e n e  lu m in e s c e n c e  q u e n c h in g  3 0 4 2  
S t i lb e n e  m e t h o x y  a g g r e g a t i o n  i r r a d n  8 5 9  
S t r e t c h in g  b a n d  c a r b o n  d e u t e r i u m  2 0 8 5  
S t r o n t iu m  c e s iu m  m a n g a n e s e  s y s t e m  1 2 8 8  
S t r o n t iu m  c r o s s  b e a m  r e a c t i o n  2 9 3 1  
S t r u c t u r e  a c e t y le n e  z e o l i t e  c o m p le x  9 0 6  
S t r u c t u r e  a l u m i n u m  p a l l a d iu m  c h lo r i d e  4 7 2  
S t r u c t u r e  a m m o n ia  z e o l i t e  c o m p le x  1 3 8  
S t r u c t u r e  b o r a n e  t r i m e t h y l p h o s p h i n e  1 9 7 2  
S t r u c t u r e  c r y s t a l  z e o l i t e  8 0 5  
S t r u c t u r e  f l u i d i t y  l i q  p o le m ic  1 4 7 1  
S t r u c t u r e  m o ly b d e n u m  s u l f i d e  o r d e r  2 2 4 2  
S t r u c t u r e  n i c k e l  e x c h a n g e d  z e o l i t e  6 5 2  
S t r u c t u r e  p o l y m o r p h  c o p p e r  p h t h a lo c y a n in e  

4 7 7
S t r u c t u r e  p o ly p e p t i d e  f lu o r e s c e n c e  6 4 8  
S t r u c t u r e  s o l v e n t  s o lv a t e d  e le c t r o n  7 
S t r u c t u r e  w a t e r  a le  N M R  1 0 5 6  
S t r u c t u r e  z i r c o n iu m  a m m o n i u m  o r t h o p h o s p =  

h a te  2 4 3
S t y r e n e  e t h y le n e  c y c lo b u t a n e  p h o t o l y s is  

2 6 0 9
S t y r e n e s u l f o n i c  a c id  p o l y m e r  2 2 2 5  
S t y r y l p y r i d i n e  b a s i c i t y  e x c i t e d  s t a t e  6 0 1  
S t y r y l p y r i d i n e  l u m in e s c e n c e  q u e n c h in g  

3 0 4 2
S t y r y l p y r i d i n e  p h o t o i s o m e r iz a t i o n  f l u o r e s =  

c e n c e  s o l v e n t  6 0 5
S u b l i m a t i o n  e n t h a lp y  r a r e  e a r t h  io d id e  

3 1 1 0
S u b l im a t i o n  h e a t  r h e n i u m  o x id e  1 5 7 8  
S u b l im a t i o n  v a c u u m  a m m o n i u m  s a l t  9 4 0  
S u b o x id e  a lu m i n u m  I R  m a t r i x  2 9 2 9  
S u b s t i t u e n t  a r y l  e t h y n y l  c o p p e r  2 6 7 7  
S u b s t i t u e n t  e f f e c t  a c r y l i c  p h o t o p o l y m n  272C  
S u b s t i t u e n t  e f f e c t  E S R  b e n z y l  1 3 6 8  
S u b s t i t u e n t  p a r a m e t e r  e t h a n e  N M R  1 5 9 0  
S u c c in a te  p e r f l u o r o  r a d i c a l  E S R  1 4 9 1  
S u l f a n y l  r a d i c a l  s o in  E S R  2 6 4 5  
S u l f a t e  l a n t h a n id e  d e a q u a t i o n  is o to p e  e f f e c t  

1 2 7 5
S u l f a t e  m a g n e s iu m  io n  p a i r  1 3 1 5  
S u l f a t e  n i t r a t e  p o t a s s iu m  s i l v e r  l i q u i d u s  

1 6 9 9
S u l f a t e  p y r a z o l i n y l  o p t i c a l  p r o p e r t i e s  1 8 1 7  
S u l f a t e  s i l v e r  p o t a s s iu m  s y s t e m  2 6 7 2  
S u l f a t e  s o d iu m  s o in  a c t i v i t y  1 5 9 4  
S u l f h y d r y l  c o m p d  p u ls e  r a d i o l y s i s  9 9 0  
S u l f id e  a d s o r p t i o n  a l u m i n u m  o x id e  2 5 7 6  
S u l f id e  a d s o r p t i o n  s i l i c a  2 5 7 1  
S u l f id e  b e n z y l  x  r a y  s p e c t r a  7 2 1  
S u l f id e  c a r b o n  c h e m i lu m in e s c e n c e  1 2 4  
S u l f id e  c a r b o n  d e c o m p n  2 6 0 1  
S u l f id e  m o ly b d e n u m  s t r u c t u r e  o r d e r  2 2 4 2  
S u l f in a t e  a d d n  a c r y l i c  m o n o m e r  2 7 2 0  
S u l f i t e  a q  p h o t o l y s is  E S R  7 7 2  
S u l f o la n e  m e t h y l s u l f o l a n e  c o n d  e l e c t r o l y t e  

7 1 8
S u l f o la n e  s o l v a t i o n  1 8 8 2  
S u l f o n ic  a c id  a d s o r b e d  p h o s p h o r e s c e n c e  9 0 2  
S u l f o n ic  a c id  s t y r e n e  p o l y m e r  2 2 2 5  
S u l f o n y l m e t h y l  p e r c h l o r a t e  s o l v o l y s i s  k i n e t i c s  

1 2 7 1
S u l f o s u c c in a t e  a q  m i c e l l e  2 3 8  
S u l f o x id e  d i m e t h y l  c h r o m i u m  c o m p le x  8 5 5  
S u l f o x id e  d i m e t h y l  p y r i d i n e  a s s o c n  2 4 4 4  
S u l f o x id e  h e a t  t r a n s f e r  m e t h y l  1 7 9 7  
S u l f o x id e  m e t h y l  D M F  a c t i v i t y  5 2 7  
S u l f o x id e  m e t h y l  R a m a n  w a t e r  2 1 0 8  
S u l f u r  a r o m  f l a s h  p h o t o l y s is  1 4 7 8  
S u l f u r  c o m p d  a d s o r p t i o n  a l u m i n u m  o x id e  

2 5 7 6
S u l f u r  c o m p d  s i l i c a  a d s o r p t i o n  2 5 7 1  
S u l f u r  d i o x id e  a d s o r p t i o n  1 8 4 9  
S u l f u r  d i o x id e  a n io n  o x id n  1 3 6 5  
S u l f u r  d i o x id e  b e a m  r e a c t i o n  2 9 3 1  
S u l f u r  d i o x id e  e l e c t r o l y t e  c o n d  2 1 3 3  
S u l f u r  d i o x id e  h a l i d e  c o m p le x  3 0 0 2  
S u l f u r  f l u o r i d e  b e a m  r e a c t i o n  2 9 3 1  
S u l f u r  f l u o r i d e  c h lo r i d e  e q u i l  d e c o m p n  2 7 1 3  
S u l f u r  f l u o r i d e  m a s s  s p e c t r o m e t r y  8 9 7  
S u l f u r  h e x a f l u o r i d e  d i m e t h y lb u t a n e  r a d i o l y  =  

s is  2 4 1 8
S u l f u r  h e x a f l u o r i d e  h y d r o g e n  r e a c t i o n  8 8 3  
S u l f u r  h e x a f l u o r i d e  r a d i o l y s i s  h y d r o c a r b o n s  

2 8 5 3
S u l f u r  R a m a n  a m in e  s o in  1 8 5 9  
S u l f u r  r h o m b i c  x  r a y  e m is s io n  7 2 1  
S u l f u r  t r i o x i d e  a n io n  E P R  1 3 6 5  
S u l f u r i c  a c id  i r r a d n  E S R  1 2 2 2  
S u l f u r i c  a c id  p u ls e  r a d i o l y s i s  2 1 5 6

S u p e r c o o le d  w a t e r  h e a t  c a p a c i t y  3 0 9 2  
S u p e r h e a t  l i m i t  a lk a n e s  e t h e r  w a t e r  2 7 3 0  
S u p e r o x id e  c e s iu m  m a t r i x  I R  1 0 6 5  
S u p e r o x id e  io n  E P R  7 8 0  
S u p e r o x id e  io n  o r g  c o m p d  r e a c t i o n  1 7 2 2  
S u r f a c e  a l u m i n a  a le  r e a c t i o n  1 1 2 0  
S u r f a c e  a r e a  g r o u p  c o n t r i b u t i o n  2 6 9 4  
S u r f a c e  h y d r o x y l  b o r i a  s i l i c a  1 9 6 5  
S u r f a c e  h y d r o x y l  G r o u p  V I I I  m e t a l  3 0 5 2  
S u r f a c e  p r o p e r t y  f l u o r i n a t e d  e t h e r  2 3 2 4  
S u r f a c e  s i l i c a  c h l o r i n a t i o n  2 0 7 0  
S u r f a c e  s i l i c a  r e a c t i o n  a le  3 0 4 8  
S u r f a c e  s u p e r o x id e  io n  7 8 0  
S u r f a c e  t e n s io n  h y d r o g e n  s u l f i d e  2 7 0 3  
S u r f a c e  t e n s io n  l i q  p o s i t r o n i u m  a n n i h i la t io n  

2 2 2 9
S u r f a c e  t e n s io n  p o l y m e r  s o l v e n t  3 5 6  
S u r f a c t a n t  c r i t  m i c e l le  c o n c n  3 7 8  
S u r f a c t a n t  f i l m  v i s c o s i t y  E S R  3 0 2 0  
S u r f a c t a n t  m i c e l l a r  P M R  b e n z e n e  1 4 3 2  
S u r f a c t a n t  m i c e l le  a r e n e  f lu o r e s c e n c e  1 1 9 1  
S u r f a c t a n t  n i t r o g e n  m i c e l le  i n t e r a c t i o n  

h a l id e  2 5 3 1
S u r f a c t a n t  r a t e  c o n s t  e le c t r o d e  k i n e t i c s  

1 4 1 1
S u s c e p t ib i l i t y  d i a m a g n e t i c  e a le n  1 5 2 0  
S u s c e p t ib i l i t y  m a g n e t i c  m e r c u r y  t h i o c y a n a t o =  

c o b a l t  4 2 4
S u s p e n s io n  g i b b s i t e  a q  h y d r o x id e  s o lv o ly s is  

2 9 4 2
T a n t a l u m  c a r b id e  v a p o r  c a r b o n  r e a c t i o n  

1 0 8 3
T a u t o m e r i s m  m e t h y l u m b e l l i f e r o n e  i r r a d n  

M O  8 6 0
T e m p  d e p e n d e n c e  m a g n e t i c  s u s c e p t i b i l i t y  

4 2 4
T e m p  h ig h  e q u a t io n  s t a t e  8 2  
T e m p  j u m p  m e t a c h r o m a s i a  1 9 2 2  
T e m p  p o l y o l e f i n  c h a in  d im e n s io n  1 9 8 6  
T e r e p h t h a la t e  h y d r a t e  e le c t r o n  c o n d  6 7 4  
T e r e p h t h a la t e  r a d i c a l  E S R  6 2 0  
T e r m in a t i o n  r a d i c a l  E S R  b a s e l in e  7 2 2  
T e r n a r y  l i q  s y s t e m  c o e x is t e n c e  c u r v e  1 5 7 2  
T e t r a a l k y l a m m o n i u m  s a l t  c o n d u c t a n c e  

h e x a f l u o r o p r o p a n o l  3 6 6  
T e t r a b u t y l a m m o n i u m  b r o m id e  h y d r o p h o b ic  

h y d r a t i o n  2 3 3 5
T e t r a b u t y l a m m o n i u m  h a l id e  w a t e r  d i f f u s io n  

2 5 6 7
T e t r a c h lo r i d e  c a r b o n  f o r m a t i o n  h e a t  2 7 0 7  
T e t r a c y a n o e t h a n a l i d e  p o t a s s iu m  s p in  e x =  

c h a n g e  6 2 5
T e t r a c y a n o e t h y le n e  e le c t r o n  t r a n s f e r  d i m e r i =  

z a t io n  2 9 5 9
T e t r a c y a n o n i t r i l e  a c e t o n i t r i l e  c h a r g e  t r a n s f e r  

c o m p le x  2 5 2 0
T e t r a f l u o r o h y d r a z i n e  d is s o c n  t h e r m a l  7 3 4  
T e t r a n i t r o m e t h a n e  r e a c t i o n  m e r c u r y  c h lo r i d e  

6 1 4
T e t r a p h e n y lb o r o n  s o d iu m  g l y m e  c o m p le x  

v i s c o s i t y  2 3 7 7
T e t r a t h i o t e t r a c e n e  c a t i o n  r a d i c a l  1 8 6 2  
T h a l l i u m  i s o t o p ic  e x c h a n g e  1 9 0 4  
T h a l l i u m  t e r n a r y  c o m p d  v a p o r  1 5 9 9  
T h e r m a l  d e c o m p n  le a d  a z id e  8 7 0  
T h e r m a l  d e c o m p n  m e t a l  c a t a l y s t  1 7 1 9  
T h e r m a l  d i f f u s i o n  n e g  d e t n  2 0 0 4  
T h e r m a l  d is s o c n  t e t r a f l u o r o h y d r a z i n e  7 3 4  
T h e r m a l  s t a b i l i t y  p o l y a m id e  s a l t  3 8 9  
T h e r m o c h e m  s u l f u r  f l u o r i d e  8 9 7  
T h e r m o d n  a l u m i n u m  p a l l a d iu m  c h lo r i d e  

4 7 2
T h e r m o d n  a q  s o ln  h a r d  s p h e r e  2 4 7 9  
T h e r m o d n  a s s o c n  m e t h y l a m in o  p u r i n e  5 4 4  
T h e r m o d n  b r o m in e  p y r i d i n e  c o m p le x  1 6 6 2  
T h e r m o d n  c e n t r i f u g a t i o n  p r o t e in  i n t e r a c t i o n  

1 2 5 0
T h e r m o d n  c h r o m i u m  io d id e  2 3 4 6  
T h e r m o d n  g la s s  t r a n s i t i o n  6 6 7  
T h e r m o d n  i n t e r n a l  r o t a t i o n  a c e t v l p y r r o l e  

5 6 7
T h e r m o d n  io n  p a i r  e x t n  2 6 9 4  
T h e r m o d n  l i q  i n t e r n a l  p r e s s u r e  2 7 9 4  
T h e r m o d n  l i q  j u n c t i o n  p o t e n t ia l  1 5 4 0  
T h e r m o d n  m i x t  e q u a t i o n  s t a t e  2 2 1 2  
T h e r m o d n  p o l y m e r  s o ln  f r e e  v o l  2 9 7 7  
T h e r m o d n  p o l y p e p t i d e  h e l i x  c o i l  t r a n s i t i o n  

1 1 3 9
T h e r m o d n  p r o p e r t y  e l e c t r o l y t e  e a le n  2 6 8  
T h e r m o d n  p r o p e r t y  p r o t o n  i o n i z a t i o n  2 8 6  
T h e r m o d n  s o lu t e  s o l v e n t  i n t e r a c t i o n  2 1 4 0  
T h e r m o d n  t r a n s i t i o n  l i q  c r y s t a l  8 3 7  
T h e r m o d n  w a t e r  a le  N M R  1 0 5 6  
T h e r m o l y s i s  m e c h a n i s m  c y c lo b u t a n o n e  

r e v i e w  1 3 1 6  1 3 1 7  
T H F  c h l o r i d e  s o ly  5 3 3  
T H F  c l a t h r a t e  h y d r a t e  d ie le c  2 9 6 9  
T h ie t a n e  v a p o r  p h o t o l y s is  U V  4 3 4  
T h io a m id e  N M R  r o t a t i o n  b a r r i e r  1 2 2 8  
T h io c y a n a t e  n i c k e l  m e t h a n o l  c o m p le x a t io n  

Ic O
T h io c y a n a t e  s a l t  c o n d  m e t h y l p h o s p h o t r ia m  =  

id s  1 2 5 8

T h i o c y a n a t o c o b a l t  m e r c u r y  m a g n e t i c  s u s c e p =  
t i b i l i t y  4 2 4

T h i o f o r m a ld e h y d e  M O  2 7 7  
T h i o f o r m a l d e h y d e  t h i e t a n e  p h o t o l y s is  U V  

4 3 4
T h io i n d i g o  p h o t o i s o m e r iz a t i o n  2 5 8 4  
T h i o i n d i g o  p h o t o s t a b i l i t y  1 2 0 4  
T h i o l  a d s o r p t i o n  a l u m i n u m  o x id e  2 5 7 6  
T h i o l  a d s o r p t i o n  s i l i c a  2 5 7 1  
T h io n a p h t h e n e  f l a s h  p h o t o l y s is  1 4 7 8  
T h io p h e n o l  f l a s h  p h o t o l y s is  1 4 7 8  
T h io p h o s g e n e  c h e m i lu m in e s c e n c e  1 24  
T h io x a n t h e n e  f l a s h  p h o t o l y s is  1 4 7 8  
T h i r d  b o d y  e f f e c t  c h l o r i n e  r e c o m b in a t i o n  

1 3 2 5
T h o r i u m  a c e t y l a c e t o n a t e  d ie le c  r e l a x a t i o n  

1 0 7 3
T h o r i u m  f l u o r . d e  c o m p le x  R a m a n  s p e c t r a  

2 6 5 4
T h u l i u m  s t d  o x id n  p o t e n t ia l  1 5 2 8  
T h y m i n e  t r i p l e t  s t a t e  q u e n c h in g  2 2 4 6  
T h y m i n e  u l t r a s o n i c  a b s o r p t i o n  2 3 2 9  
T i m e  d o m a in  r e f l e c t i o n  d ie l e c  1 3 4 8  
T i n  b in d i n g  e n e r g y  9 6 4  
T i n  c h lo r i d e  b e a m  r e a c t i o n  2 9 3 1  
T i n  c o m p le x  p o s i t r o n i u m  r e a c t i o n  1 7 8  
T i n  d io x id e  m a t r i x  I R  1 5 1 3  
T i t a n i u m  a c e t o n i t r i l e  c o n t a c t  s h i f t  6 3 4  
T i t a n i u m  m e t h a n o l  c h lo r i d e  c o m p le x  6 7 8  
T i t a n i u m  m o n o x id e  e n e r g y  c u r v e s  2 8 8 5  
T i t a n i u m  o r g  a c id  r a d i c a l  r e a c t i o n  2 0 5 5  
T i t a n i u m  o x id e  d i f f u s i o n  g e l  p o l y e l e c t r o l y t e  

2 9 1 8
T i t r n  p o t e n t io m e t r i c  p o l y e l e c t r o l y t e  2 2 0 6  
T o lu e n e  h y d r o x y la t i o n  r a d i o l y s i s  5 8 9  
T o lu e n e  r a d i o l y s i s  b e n z y l  f o r m a t i o n  9 8 3  
T o lu e n e s u l f o n ic  a c id  h y d r o g e n  e x c h a n g e  

p r o p e n e  2 9 9
T o l u id i n o r . a p h t h a le n e s u l f o n a t e  f lu o r e s c e n c e  

6 4 8
T r a n s f e r  h e a t  m e t h y l  s u l f o x id e  1 7 9 7  
T r a n s f e r  h y d r i d e  c a t i o n  m o l  r e a c t i o n  2 8 4 1  
T r a n s f e r  p r o t o n  m o d e l  2 0 9 8  
T r a n s f e r  s o l v a t i o n  h y d r o c a r b o n  e t h e r  2 6 9 4  
T r a n s f o r m a t i o n  c h o le s t e r y l  s t e a r a t e  2 3 4 2  
T r a n s i t i o n  a l k a l i  c h l o r i d e  s o l id  s o ln  1 6 9 5  
T r a n s i t i o n  c o n ju g a t e d  h y d r o c a r b o n  t h e o r y  
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T r a n s i t i o n  e n t r o p y  m e s o m o r p h ic  a z o x y b e n z =  

e n e s  2 1 5 3
T r a n s i t i o n  g la s s  t h e r m o d n  6 6 7  
T r a n s i t i o n  g l u t a m i n e  p e p t id e  p o l y e l e c t r o l y t e  

2 4 2
T r a n s i t i o n  m e s o p h a s e  c h o le s t e r v l  m v r i s t a t e  

3 9 9  4 0 9
T r a n s i t i o n  m e t a l  a l u m i n a  s u r f a c e  a c i d i t y  

1 2 3 2
T r a n s i t i o n  m e t a l  c o ld  w o r k e d  c a t a l y s t  1 7 1 9  
T r a n s i t i o n  m e t a l  E D T A  p h o t o r e d o x  2 0 4 9  
T r a n s i t i o n  m e t a l  o x id n  o x a l i c  a c id  1 2 6 2  
T r a n s i t i o n  m e t a l  p h o s p h o r e s c e n c e  q u e n c h in g  

2 6 1 4
T r a n s i t i o n  m e t a l  s p e c t r o s c o p y  o x id n  p o t e n =  

t i a l  1 5 2 8
T r a n s i t i o n  t h e r m o d n  l i q  c r y s t a l  8 3 7  
T r a n s i t i o n  v i b r a t i o n a l  a t o m  d i a t o m  s y s t e m  

1 6 6 6
T r a n s p o r t  c a r r i e r  s y s t e m  p o t e n t ia l  d i f f e r e n c e  

8 4 6
T r a n s p o r t  g a s  l i q  m e m b r a n e  r e a c t i o n  2 2 0 1  
T r a n s p o r t  n o is e  c a t i o n  e x c h a n g e  m e m b r a n e  

1 5 6 7
T r a n s p o r t  p r o p e r t y  a l k y l a m m o n i u m  s a l t  

1 8 8 4
T r a n s p o r t  t h e o r y  g a s  m o n o la y e r  3 0 2 4  
T r a p p e d  e le c t r o n  o p t i c a l  a b s o r p t i o n  1 8 0 3  
T r a p p e d  h y d r o g e n  E S R  g a m m a  2 6 2 2  
T r a p p i n g  o x y g e n  c o p p e r  c o m p le x  p h o t o c o n d  

2 6 7 7
T r i a l k y l a m i n e  b e n z e n e  h e a t  m i x i n g  3 1 0 7  
T r i e t h v l a m i n e  c h l o r o f o r m  c o m p le x  e n t h a lp y  

2 3 9 7
T r i m e s a t e  r a d i c a l  E S R  6 2 0  
T r i m e t h y l p h o s p h i n e  b o r a n e  s p e c t r a  s t r u c t u r e  

1 9 7 2
T r i o x i d e  s u l f a r  a n io n  E P R  1 3 6 5  
T r i p h e n y l  p y r a z o l i n y l  s u l f a t e  C D  1 8 1 7  
T r i p h e n y lp h c s p h in e  o x id e  a l k a l i  c a t i o n  

a s s o c n  1 4 2 1
T r i p l e t  a d s o r b e d  p h o s p h o r e s c e n c e  9 0 2  
T r i p l e t  i n t e r s y s t e m  c r o s s in g  e x c i p l e x  2 8 3 1  
T r i p l e t  l i f e t i m e  p o r p h y r i n  m e t a l  1 54  
T r i p l e t  m e c h a n is m  p h o t o r e d o x  c o m p le x  9 7 1  
T r i p l e t  m e r c u r y  p r o d n  s i n g le t  8 7 5  
T r i p l e t  o r o t i c  a c id  p h o t o l y s is  1 1 9 9  
T r i p l e t  r e t i n a l  p h o t o i s o m e r iz a t i o n  8 8 9  
T r i p l e t  s i g n a l  E S R  d y e  2 7 1 2  
T r i p l e t  s t a t e  q u e n c h in g  p y r i m id i n e  2 2 4 6  
T r i p l e t  t r i p l e t  e n e r g y  t r a n s f e r  3 0 4 2  
T r i p l e t  t r i p l e t  s p e c t r a  t h e o r y  1 0 7  1 1 4  
T r i t i a t e d  w a t e r  d i f f u s i o n  6 8 5  
T r i t i u m  h o t  a t o m  r e a c t i o n  c y c lo b u t a n o n e  
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T r i t i u m  h o t  a t o m  r e a c t i o n  h y d r o c a r b o n  
2 4 6 4

T r o p y l i u m  c a t i o n  N M R  2 0 0  
T u n g s t e n  a m m o n ia  d e c o m p n  p o le m ic  1 3 5  
T y r a m i n e  p h o t o l y s is  10  
T y r o s in e  p h o t o l y s is  10  
U l t r a s o n i c  a b s o r p t i o n  n u c le o t id e  n u c le o s id e  

2 3 2 9
U l t r a s o n i c  a b s o r p t i o n  t e t r a a l k y l a m m o n i u m  

m o d e l  9 1 2
U n b e l l i f e r o n e  m e t h y l  M O  t a u t o m e r i s m  8 6 0  
U r a c i l  m a lo n a t e  e l e c t r o n i c  s p e c t r a  4 8 2  
U r a c i l  r e a c t i o n  s o lv a t e d  e le c t r o n  1 6 7 3  
U r a c i l y l  r a d i c a l  h a l o u r a c i l  r a d i o l y s i s  1 8 8 8  
U r a n i u m  f l u o r i d e  g r a p h i t e  e q u i l  2 7 9 9  
U r a n i u m  h y d r o g e n  r e a c t i o n  2 2 3 6  
U r e a  a q  s o ln  v i s c o s i t y  c o e f f  3 8 1  
U r e a  c o n c n  w a t e r  f l u i d i t y  3 7 0  
U r e a  c o n f o r m a t io n  t r a n s i t i o n  p o l y a c id  1 4 2 7  
U r e a  s e l f  a s s o c n  w a t e r  2 1 1 8  
U V  b e n z y l  a q  r a d i o l y s i s  9 8 3  
U V  c h lo r o  f l u o r o  p h o s p h in e  1 1 2 6  
U V  i o d in e  a l k a n e  c o m p le x  2 7 5 6  
U V  n i t r i c  a c id  v a p o r  62  
U V  n i t r o g e n  f l u o r i d e  s h o c k  w a v e  2 8 2 3  
U V  n i t r o p y r i d i n e  o x id e  r a d i c a l  2 7 4 4  
U V  p e n t a e r y t h r i t o l  n i t r a t e  9 1 0  
U V  p h e n o l  s o ln  6 4  
U V  p h o t o l y s is  c a r b o n  m o n o x id e  8 7 8  
U V  p h o t o l y s is  c h l o r o o l e f i n  r a d i c a l  1 8 1 9  
U V  p h o t o l y s is  c y c lo h e x a n o n e  s i n g le t  1 9 3 6  
U V  p h o t o l y s is  f o r m a ld e h y d e  2 4 6 9  
U V  p h o t o l y s is  h y d r a z o i c  a c id  1 1 9 5  
U V  p h o t o l y s is  m e t h y l c y c lo p r o p a n e  m e t h y le n e  

7 5 9
U V  p h o t o l y s is  o z o n e  1 9 3 2  
U V  p h o t o l y s is  o z o n e  m i x t s  1 0 0 7  
U V  p h o t o l y s is  p e p t id e  r a d i c a l  1 9 4 4  
U V  p h o t o l y s is  t h i e t a n e  v a p o r  4 3 4  
U V  p h o t o s e n s i t i z a t io n  lu m in e s c e n c e  d u r e n e  

2 4 1 1
U V  s q u a r i c  a c id  3 1 4  
U V  t r i p h e n y l  p y r a z o l i n y l  s u l f a t e  1 8 1 7  
V a c u u m  s u b l im a t i o n  a m m o n i u m  s a l t  9 4 0  
V a le n c e  c a t i o n  l i q  m e m b r a n e  2 1 2 2  
V a n a d iu m  h e t e r o p o l y  a c id  E S R  2 8 9 6  
V a n a d iu m  s a n d w ic h  c o m p le x  s p e c t r a  1 6 8 1  
V a p o r iz a t i o n  c a r b id e  g r a p h i t e  l a s e r  1 0 8 3  
V a p o r iz a t i o n  k i n e t i c s  s o d iu m  c h l o r i d e  1 4 4 2  
V a r i a t i o n a l  B o l t z m a n n  e q u a t i o n  c o l l o i d  

2 3 6 7
V e l o c i t y  f i l m  b u r s t i n g  a t m  1 6 9 2  
V ib r a t i o n  a m m o n ia  h y d r o g e n  c h lo r i d e  2 9 3 0  
V i b r a t i o n  r o t a t i o n  e n e r g y  t r a n s f e r  3 4 6  
V i b r a t i o n a l  s p e c t r a  d i s u l f i d e  c o n f o r m a t io n  

1 1 2 9
V i b r a t i o n a l  t r a n s i t i o n  a n h a r m o n ic  o s c i l l a t o r  

2 6 5 7
V i b r a t i o n a l  t r a n s i t i o n  a to m  d ia t o m  s y s t e m  

1 6 6 6
V i b r a t i o n a l  t r a n s i t i o n  m o l  c o l l i s i o n  1 3 9 4  
V in y l  e t h e r  c o p o l y m e r  c o n f o r m a t io n  1 4 2 7  
V in y l  r a d i c a l  L C A O  M O  4 9 4  
V i n y l i u m  f l u o r o  L C A O  M O  4 9 4  
V i s c o s i m e t r v  p o l y m e t h a c r y l i c  d y e  b in d in g  

1 7 7 8
V is c o s i t y  c o e f f  a q  s o ln  3 8 1  
V is c o s i t y  c o n d u c t a n c e  p o ly s t y r e n e  s o ln  2 2 1 7  
V is c o s i t y  l i q  H i l d e b r a n d  e q u a t io n  3 0 0 7  
V is c o s i t y  m o l  w t  p o l y m e r  7 8  
V is c o s i t y  p o l y a m id e  s a l t  e f f e c t  3 8 9  
V is c o s i t y  s o a p  f i l m  E S R  3 0 2 0  
V is c o s i t y  s o d iu m  t e t r a p h e n y l b o r o n  g l y m e  

c o m p le x  2 3 7 7
V is c o s i t y  v o l  l i q  p o le m ic  1 4 7 1
V is c o s i t y  w a t e r  i s o to p e  e f f e c t  1 8 0 1
V is i b l e  s o d iu m  p o la r o n  p a i r  1 0 0 2
V is ib l e  s p e c t r a  a n i l i n e  b e n z id in e  2 4 9 0
V o l  c o n c n  d e p e n d e n c e  p o l y e l e c t r o l y t e  2 2 2 5
V o l  f l o w  e le c t r o o s m o s i s  2 7 1 0  2 7 1 1
V o l  f r e e  s o ln  p o l y m e r  t h e r m o d n  2 9 7 7
V o l  v i s c o s i t y  l i q  p o le m ic  1 4 7 1
V y c o r  g la s s  r a d i c a l  E S R  1 0 2 3
W a ld e n  p r o d u c t  a l k a l i  m e t a l  1 3 1 4
W a t e r  a c e to n e  m a g n e s iu m  s o l v a t i o n  1 2 9 4
W a t e r  a d s o r p t i o n  s i l i c a  1 4 5 8
W a t e r  a l k a l i  h y d r o g e n  i s o to p e  e f f e c t  1 8 4 4
W a t e r  a m id e  i n t e r a c t i o n  2 4 0 1
W a t e r  c h o l in e  c h l o r i d e  d i f f u s i o n  2 3 7 1
W a t e r  c o l l i s i o n  d e e x c i t a t i o n  3 4 6
W a t e r  d e s o r p t i o n  p lu t o n i u m  o x id e  5 8 1
W a t e r  d i f f u s i o n  6 8 5
W a t e r  d i m e r  c h l o r o f o r m  N M R  2 3 6
W a t e r  f l u i d i t y  u r e a  c o n c n  3 7 0
W a t e r  g a m m a  r a d i o l y s i s  e le c t r o n  2 6 9 1
W a t e r  g a m m a  r a d i o l y s i s  y i e l d  7 6 5
W a t e r  g a s  s h i f t  r e a c t i o n  4 4 7
W a t e r  g a s  s h i f t  r e a c t i o n  c a t a l y s i s  1 6 0 1
W a t e r  h e a v y  s p in  l a t t i c e  r e l a x a t i o n  2 4 8 7
W a t e r  h y d r o g e n  s u l f i d e  s u r f a c e  t e n s io n  2 7 0 3
W a t e r  io n  i n t e r a c t i o n  g a s  p h a s e  2 7 3 6
W a t e r  N M R  a le  s o ln  1 0 5 6

W a t e r  p H  g a s  e f f e c t  8 2 6  
W a t e r  p o s  h o le  m i g r a t i o n  i r r a d i a t e d  2 9 5 2  
W a t e r  q u a d r u p o le  m o m e n t  2 6 7 0  
W a t e r  R a m a n  m e t h y l  s u l f o x id e  2 1 0 8  
W a t e r  r e m o v a l  e r i o n i t e  I R  2 1 8 3  
W a t e r  s i la n e  c a t i o n  m o l  r e a c t i o n  2 8 4 1  
W a t e r  s i l i c a  s i l i c a t e  s u r f a c e  ( c o r r e c t io n )  

3 1 2 4
W a t e r  s o d iu m  A e r o s o l  P M R  2 3 8  
W a t e r  s o l v a t e d  e le c t r o n  1 4 5 0  
W a t e r  s t r u c t u r e  h a r d  s p h e r e  s o ln  2 4 7 9  
W a t e r  s t r u c t u r e  s p e c t r a  h a l i d e  3 0 7 1  
W a t e r  s u p e r c o o le d  h e a t  c a p a c i t y  3 0 9 2  
W a t e r  t e t r a b u t y l a m m o n i u m  h a l i d e  d i f f u s i o n  

2 5 6 7
W a t e r  t i t a n i u m  c o m p le x  6 7 8  
W a t e r  v a p o r  n i t r o g e n  o x id e  1 9 2 9  
W a t e r  v i s c o s i t y  i s o to p e  e f f e c t  1 8 0 1  
W e a k  a c id  io n i z a t i o n  p r e s s u r e  2 6 8 7  
X  r a y  e m is s io n  s p e c t r o s c o p y  c o m p le x  2 8 0  
X  r a y  s p e c t r a  b e n z y l  s u l f i d e  7 2 1  
X a n t h e n e  g a m m a  i r r a d i a t i o n  E S R  1 1 0 2  
X a n t h y l  r a d i c a l  E S R  1 1 0 2  
X e n o n  m e t a s t a b le  e n e r g y  t r a n s f e r  1 2 4  
X e n o n  m o d e r a t o r  h o t  d e u t e r i u m  1 3 1 9  
X e n o n  n i t r o u s  o x id e  r a d i o l y s i s  1 1 7 6  
Y ie l d  i n i t i a l  h y d r a t e d  e le c t r o n  4 2 5  
Y ie l d  q u a n t u m  p h o t o r e d n  n i t r o p y r i d i n e  

1 4 8 7
Y t t e r b i u m  s t d  o x id n  p o t e n t ia l  1 5 2 8  
Y t t r i u m  f l u o r i d e  m a t r i x  I R  4 6 6  
Z e o l i t e  A  io n  e x c h a n g e  1 3 9 8  
Z e o l i t e  a m in e  a m m o n iu m  p o t a s s iu m  2 8 8 0  
Z e o l i t e  a m m o n ia  c o m p le x  s t r u c t u r e  1 3 8  
Z e o l i t e  c h e m is o r p t i o n  2 3 0 8  
Z e o l i t e  c o m p le x  a c e t y le n e  s t r u c t u r e  9 0 6  
Z e o l i t e  c o p p e r  a d s o r p t i o n  a m m o n ia  6 6 3  
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