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Reactions of Hydrogen and Deuterium with Silane and Mono-, Di-, and Trimethylsilanes 
at Room Temperature
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The reactions of H and D with silane and monomethyl-, dimethyl-, and trimethylsilanes have been studied 
at room temperature and 3 Torr of He in a discharge-flow apparatus. The method of detection is time-of- 
flight mass spectrometry. Rate constants based on atom depletion in reactant-rich systems or reactant de
pletion in atom-rich systems have been measured, and stoichiometry factors have been estimated. Also 
products of the reactions have been identified, and reaction profile experiments have been carried out. 
Mechanisms are proposed for these eight reactions which are consistent with observations and invoke con
siderable atomic cracking through chemical activation. The theoretical basis for this result is qualitatively 
discussed, and the observed isotope effects are also compared to theoretical BEBO estimates.

Introduction
There have been a number of reaction rate studies of H 

and D with silane and mono-, di-, and trimethylsilanes,1-6 
but the techniques which have been used range from rela
tive-photochemical methods to absolute discharge-flow ex
periments. Presuming that mechanisms under the condi
tions of a given experiment are well known, comparisons of 
results between such divergent techniques should be valid, 
and such comparisons have been made.4 Also, important 
quantities such as Arrhenius A factors and activation ener
gies can be estimated, and comparisons for the series of sil
ane molecules can be made. These can then be interpreted 
theoretically and compared with isoelectronic alkane sys
tems. Much of this work has been done.3-0 However it has 
been done on the theoretically reasonable assumption that 
H and D react at similar rates for a given silane molecule.

The present room temperature experiments were under
taken in order to measure absolute abstraction rate con
stants for both H and D with silane and methylated silanes 
with the same apparatus and technique. Mechanistic infor
mation is also obtained for the reactions under consider
ation, since reactants, products, and some intermediates 
may be observed during reaction with the present experi
mental technique. The experiments are carried out under 
two isolation conditions for each reaction, atom in excess 
and reactant in excess. Absolute rate constants are mea
sured for both H and D with substrate molecules, and thus,

isotope effects are estimated. Where possible the absolute 
rate constants are compared with other workers.

Experimental Section
The apparatus which was used has been described pre

viously7-8 so no detailed description will be given. Experi
ments were carried out at room temperature in excess He 
in a discharge-flow reactor that was poisoned with Drifilm. 
Experiments were performed in both excess reactant and 
excess atom concentrations, and pseudo-first-order decays 
were measured. Under atom excess conditions, reactant de
cays were measured at four to six atomic concentrations. 
The decay constants were found to be linearly proportional 
to atom concentrations, and the slope of the kistR vs. [H]o 
or [D]o graph is the apparent bimolecular rate constant, 
k appR. Similarly, experiments in reactant excess were per
formed and first-order decay constants based on atom at
tenuations were measured at four to six reactant concentra
tions. Again the slope of the linear &istH<D> vs. [R]o graph is 
the apparent bimolecular rate constant, fcappH(D).

Regardless of which reactant molecule was used, the 
presence of reactants of the type studied in this paper 
greatly increased the wall activity for atomic wall recombi
nation. Thus, in the reactant excess cases, the extrapolated 
zero reactant decay constants ranged from 10 to 50 sec- 1  
depending on the frequency of the Drifilm poisoning pro
cess. In this case the first-order decay constant is k„ +

1139



1140 J. A. Cowfer, K. P. Lynch, and J. V. Michael

TABLE I:° Apparent Rate Constants for H and D with  
S ilan e and M ethylsilanes at Room Tem perature

k ^n ap? k RC h app b °b''app b Rif h app

SiH, 52 ± 5 0 . 5  ± 9 . 0  ± 3 . 0  ±
0 . 3 1 . 0 0 . 7

CH Sill 46 ± 3 1 1 . 5  ± 1 2 . 5 1 3 . 0  ±
2 . 0 1.8e 0 . 8

(CH3)2SiH2 25 r  2 4 . 1  ^ 11.8 ± 1 . 4  ±
0 . 9 1.8 0 . 2

(CH3):iSiH 9.1 ± 0.8 ' 0.3 r 5.0 ± 1 . 7  ±
0.2 0.7/ 0 . 2

a Unit? are 10 13 cc molecule sec. h Obtained in reactant excess. 
' Obtained in H excess. d Obtained in D excess. r Average of values 
measured at 1, 3, and 5 Torr. 1 Average of values measured at 3 and 
5 Torr.

feappH(D) [R]0, and the nonzero in tercep t value m easures the 
wall recom bination rate  constant. The slope of &istH<D) vs. 
[R]o still gives &appH(D), b u t unless the m easurem ents are 
made a t a variety of [R]o the inferred values for k apPH<D) 
will be greatly in errcr. Also in the H or D in excess experi
m ents where a ttenuation  of R  is m easured, stabilization of 
atom  concentrations is impossible even though atom  con
centrations exceed reactan t concentrations by factors of 30 
to  80. This observation might be in terpreted  as the p res
ence of a very fast homogeneous reaction between atom s 
and silanes, bu t the rate of atom removal is not at all d e 
penden t on reactant :oncentration. The tim e it takes to es
tablish  the constant steady-state a ttenuated  atom  concen
tra tion  a t a particular dwell tim e varies with reactan t con
cen tration . but the reduction in atom concentration is the 
sam e regardless of the reactan t concentration. This obser
vation clearly suggests th a t the walls of the reactor are 
being treated  w ith reactan t and instabilities in atom  con
cen tration  are caused by increased wall activity.

R eactan t decay constants can still be m easured in such a 
system if the decay is observed over a lim ited change in 
atom  concentration. Thus, the results presented in this 
paper for feappR are obtained only over a 50% atom ic con
centration  change, and the atom concentration is taken as 
the average of the iritia l and final dwell tim e values. B e
cause of th is troublesom e wall problem , the rate  constants 
in both atom excess and reactant excess systems are esti
m ated to  only be accurate to  ± 2 0 %.

In addition to  ra:e constant m easurem ents, complete 
mass spectra were obtained as a function of dwell tim e in 
both reactan t excess and atom excess experim ents. P ro d 
ucts of the reactions have been identified and followed as a 
function of time, anc. thus, reaction profiles in the form of 
peak height vs. time have been obtained.

For all of the silares studied in this paper, there are no 
appreciable parent peaks a t m/e equal to the paren t molec
ular mass. This feature of silane mass spectrom etry is well 
know n . 1 2 ' 9 The principal mass peak closest to the paren t 
m olecular mass is derived from the paren t mass less the 
mass of H (or D in the case of deuterated  silanes) where H 
(or D) is bound to the silicon atom. A nother im portant 
mass peak occurs a-: the paren t molecular mass less 15 
(C H :!) in the case of methylsilanes. If no H (or D) atom  is 
bound to silicon as in the case of tetram ethylsilane the 
closest mass peak is the paren t molecular mass less 15.9 
T his shows unam biguously tha t (CHjj)4 .„SiH n ± e-  —► 
(C H ;dun(C H j)SiH „+ +  H +  2e_ is a negligible ionization

process in com parison to  (CH:!)4 -„SiH„ +  e_
—* (CH : i ) 4  ,,S iH n. i + + H + 2e~. T hus, the  m ajor m ass peak 
in (CH :i):iSiH and (CH:i):iSiD is the sam e and appears a t 
m/e = 73. Small but m easurable silicon isotope peaks of 5 
and 3% also occur at 74 and 75, respectively, due to  the n a t
ural abundances of 29Si and 3 0 Si.

Silane was obtained from Airco R are and Specialty 
Gases as electronic grade. D im ethyl and  monomethylsi- 
lanes were obtained from PCR Inc. and  trim ethylsilane was 
obtained from Columbia Organic Chem icals Inc. All silanes 
were purified by bulb-to-bulb d istilla tion , and the  middle 
th ird  was used. P urity  checks were rou tinely  m ade by mass 
spectrom etry. Research grade H 2  and D j (99.7% isotopical- 
ly pure) were obtained from Air P roducts and Chemicals 
Inc. and Isomet Corporation and were used as received.

R esu lts

T he room tem perature rate  constants which were m ea
sured are presented in T able I for silane and the  th ree 
m ethylsilanes with H and D in both  atom  excess and reac
ta n t excess experim ents. For the lim ited pressure range 
available (1-5 Torr), no m easurable differences in ra te  con
stan ts could be docum ented w ithin experim ental error 
(±20%) with changes in to ta l pressure. Also the constan ts 
obtained with reactan t in excess are always larger th a n  
those obtained with atom s in excess. This indicates th a t  a 
large stoichiom etric correction is necessary for the reac tan t 
in excess experim ents. This po in t is discussed fu rth e r in 
connection with each reaction system.

In all cases the initial process is hydrogen abstraction  
from the reactan t silane. It will be shown th a t  the ab s tra c t
ed hydrogen is bound to the silicon atom  and not the  car
bon atom. This is observed as an increase in m/e 3 due to 
HD form ation in the D with silane studies. T he subsequent 
reactions which occur are com plicated and  will be d is
cussed separately in connection w ith each reaction system .

H  and D  with SiH4 . S iH 4 was observed a t 19 ±  1 eV as 
m/e 31 in both H in excess and D in excess experim ents. 
T he mass spectrum  also consists of small silicon isotope 
peaks a t 32 and 33 of 5 and 3%, respectively. T here is also a 
major mass peak a t m/e 30 (intensity  1.2 tim es m/e 31), 
and m inor mass peaks exist a t 29 and 28.

In the H in excess experim ents very small if any dep le
tion of m/e 3 1  was observed and the apparen t ra te  constan t 
(Table I) for SiH 4 removal is (0.5 ±  0.3) X 10- 1 3  cc/mole- 
cule sec. This should be viewed as an upper lim it and ind i
cates th a t alm ost no overall reaction was occurring. F u r
therm ore, no observable products a t higher mass, such as 
disilane, could be docum ented under these conditions.

T h a t a reaction does occur can be seen from the results 
obtained in reactant in excess where H atom  attenua tion  is 
m easured as a function of dwell tim e. The apparen t rate 
constant (Table I) is (52 ± 5) X 10- 1 3  cc/molecules sec. 
U nder these atom  lean conditions small bu t m easurable 
concentrations of disilane (Si2 H6) were detected  as a p ro d 
uct. These results suggest the following mechanism:

H + SiH4 — ► H, + SiH3 (1)
H + SiH3 + M  ► SiH4 + M (2)

Reaction 2 may be homogeneous, in which case a th ird  
body is absolutely necessary, or it may occur hetero 
geneously on the walls of the reactor. In the H in excess ex
perim ents, reactions 1  and 2  predict no SiH 4 removal or 
product form ation. W hen the H  atom  concentration is 
sm aller (the reactant in excess experim ents), the resulting

The Journal of Physical Chemistry, Vol. 79, No. 12, 1975



H and D Reactions with Silanes 1141

TABLE II: Room Tem perature A bstraction Rate 
Constants for H and D  w ith  S ilane and M ethylsilanes

1013 ¿>abs,
cc /m o le  -

Reaction cule s e e ”

H + SiH4 26 ± 3e 2.2/1 2.5f
D + SiH4 3.0 ± 0.7" 4 .7 ,e 3 .O'1

4.5 ± 0.5e
H + CH3 SÍH3 11.5 ± 2 .06 1.5'

11.5 ± 2.0e
D + CH3SÍH3 3.0 ± 0 .86 5.1e

3.1 ± 0 .5e
H + (CH3 )2SiH2 4.1 ± 0 .96 2 A f

4.2 ± 0.3e
D + (CH3 )2SiH2 1.4 ± 0 .26 5.0e

2.0 ± 0.3e
H + (CH3)3SrH 3.7 ± 1.0e l.O '
D + (CH3)3SiH 1.7 ± 0.2b 4 .9 ,e 1.8*

“ This work unless noted. 6 Measured. ' Inferred (see text). 
d Reference 1. "Reference 4. { Reference 3. s Reference 2. '•Refer
ence 5.

silyl radicals can either homogeneously or heterogeneously 
recombine to  give disilane

SiH3 + SiH3(+M) — - Si2H6(+M) (3)

or they m ay disproportionate as suggested by Pollock, San- 
dhu, Jodhan, and S trausz 1 0  to  give silylene which subse
quently  reacts with th e  large SiH 4  concentration in an in 
sertion reaction to give disilane. The presen t results do not 
agree with th e  proposal1  th a t silylene is form ed by dispro
portionation of H and  silyl because little  or no SiH 4  was re 
moved from the system  in the H  in excess experim ents. 
T he predom inant reaction between H and silyl under the 
present conditions is reaction 2. Reaction 2  is the major 
reaction even under reac tan t in excess conditions since the 
disilane yield is minor. T hus, the  ra te  constan t which is 
based on H depletion in th is  system  will be twice the ab 
straction rate  if the  steady-sta te  approxim ation is valid for 
silyl. T he rate  constant for abstraction  of hydrogen by H  in 
SiH 4 is then  (26 ±  3) X 10~ 1 3  cc/molecule sec, and this 
value is tabu lated  in T able II.

T he reaction of D with SiH 4 was then  studied with D in 
excess. The predom inant products are HD and SiD4. No 
partially  deu terated  silanes could be docum ented in the D 
in excess system. No disilanes were observed as products. 
SiD4  was observed as m/e 34, and SiH 4 depletion was ob
served as m /e 31. No gradual relaxation from low to high 
mass as a function of d istance occurred in the silane peaks; 
i.e., m/e 34 increased proportionately  to the m/e 31 de
crease and no change in m /e 33 occurred a t all as a function 
of distance. This observation clearly suggests th a t a fast se
quential exchange between silyl and D occurs in the D in 
excess system, and the final product, SiD4, will result from 
the reaction between D and  SiD3. By analogy w ith the H in 
excess experim ents, the detailed mechanism  for the reac
tion can be written:

D + SiH4 — HD + SiH3 (4)

D + SiH3 -—► SiHjD* (5)
SiH3D* — *• SiH3 + D (-5)

SiH3D* — - SiH2D + H (6)

SiHjD* — *■ SiHjD (co)

d (cm)

Figure 1. Product profile for the reaction D + SiH4; [D]0 = 1.9 X 
1013 atoms/cc, [SiH4]0 = 9.5 X 1013 molecules/cc; P = 3 Torr, lin
ear flow velocity v = 1261 cm/sec; (0) D, (0) HD, (0) Si2H6 (A) 
SiD4.

where SÍH 3 D* is vibrationally hot. D issociation reaction —5 
is the  reverse of reaction 5 and will likely be negligible in 
com parison to reaction 6  because the chemical activation 
function for S iH 3 D* will originate a t the critical energy for 
reaction —5 while reaction 6  will be lower lying by approxi
m ately the difference between S i-H  and S i-D  bond ener
gies. Reaction o> represents collisional stabilization and will 
be small in com parison to reaction 6  for a species w ith so 
few degrees of freedom. Thus, in the present D in excess 
system the silyl-d 1 radicals which are a product of reaction 
6  will rapidly exchange through reactions analogous to  (5 ) 
and (6 ) to  give silyl-cf2 - Silyl-d2 will subsequently  exchange 
to  give silyl-d3, and silyl-c/ 3  wall ultim ately yield SiD4 

th rough reaction w ith D either on the wall or through s ta 
bilization (reaction oj). The overall process in th e  D in ex
cess system is then:

5D + SiH4 =  HD + SiD4 + 3H (I)

T he silyl radicals which are produced are always in steady 
sta te  in the detailed mechanism  since the m /e 31 decrease 
is nearly equal to  the m/e 34 increase. Since SiH 4  is only re
moved by reaction 4, apparen t rate  constants based on 
S iH 4 depletion in the D in excess experim ents have un it 
stoichiom etry and refer to  reaction 4. The m easured value 
(Table I) is (3.0 ±  0.7) X 10- 1 3  cc/molecule sec and is ta b u 
la ted  in Table II.

The reaction was then studied with reactan t in excess, 
and D depletion was measured. A typical profile experi
m en t is shown in Figure 1 where D depletion results p ri
m arily in HD formation. Two other products, Si2 H 6 and 
SiD 4, were identified bu t both were found to  be present in 
m inor am ounts. Due to  the small concentration of D in 
these experim ents it is apparen t th a t the fast sequential 
exchange of Si H 3  with D which results in overall process I 
is not going to completion. Since disilane is completely pro- 
tonated , and it is derived from silyl radicals as described 
previously, and since only small am ounts of SiD4  are being 
formed, the predom inant fate of the silyl radicals from 
reaction 4 in the reactant in excess (atom lean) system  is 
likely to  be reaction with D followed by stabilization or h e t
erogeneous reaction to  form S :H 3 D. Due to mass peak in 
terferences from the large concentration of SiH 4, this p re
sum ed product, SiH 3 D, will no~ be observable in small con-
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Figure 2. Product profile for the reaction D +  (CH3)3SiH: [D] 0 = 5.9 
X  1 0 14 atoms/cc, [(CH3)3SiH]0 = 6.2 X  1012 molecules/cc; P =  3 
Torr, linear flow velocity v  = 1251 cm/sec; (•) m/e 59, (■ ) m/e 60, 
(A)CD4, (♦ )SID4.

centrations. Thus, the following overall process is inferred 
in the  reactan t in excess experim ents:

2D + SiH4 =  HD + SiH3D (II)

Process II predicts a stoichiom etry factor of 2. The m ea
sured rate constan t (Table I) is (9.0 ±  1.0) X  10~13 cc/mole- 
cule sec. Thus, a value of (4.5 ±  0.5) X  10-13 cc/molecule 
sec is inferred for the intial abstraction reaction 4. and this 
value is tabu lated  in Table II. The D in excess value of (3.0 
±  0.7) X  10-13 cc/molecule sec is in m oderate agreem ent 
with th is reactan t in excess value.

H  and D with (C //3)3S //i. Experim ents on (CH3)3SiH 
depletion were carried out in the presence of excess D con
centration . The mass spectrum  of (CH3)3SiH at 19 ±  1 eV 
consists of m/e 73 with silicon isotope peaks of 5 and 3% at 
74 and 75. T he mass spectrum  at 19 ± 1 eV also consists of 
major mass peaks a t 59 and 58 (intensities of 1.1 and 0.53 
of m/e 73, respectively). These fragm entation peaks are de
rived from the paren t mass less CH 3 and CH 4 (or CH3 +
H). In the D in excess experim ents the m/e 73 (the paren t 
mass less 1) peak was chosen as a measure of reactan t con
centration. Also higher masses up to m /e 78 were m oni
tored as a function of dwell tim e and 58 < m /e < 60 was 
observed. Very small b u t m easurable concentrations of 
masses up to  m /e 78 were observed, b u t there was no ap 
preciable relaxation from lower to  the higher masses as a 
function of dwell time. T h a t is m /e 74-78 increased propor
tionately  to one another. These peaks are undoubtedly due 
to  deu teration  of (CH3)3SiH and m ust include deuteration  
in the m ethyl groups. Depletion of reactan t (CH3)3SiH was 
observed a t m/e 73, and, based on equal sensitivities for 
trim ethvlsilanes, the conversions to the deuterated  com
pounds only am ount to  ~3% of the to ta l loss of m/e 73. 
Thus, the process which forms these com pounds is minor in 
th is system. Small but measurable am ounts of CD4 (m/e 
20) were observed as a product. The rate constant based on 
m/e 73 depletion was found to  be 0.3 ± 0.2 X  10-13 cc/m ol
ecule sec which indicates almost no reaction. The major 
process was observed in the m/e 58 to 60 fragm entation 
peaks. For the same minor decrease in m/e 73, the m/e 59 
peak decreases while the m/e 60 increases substantially  as 
shown in Figure 2. Such behavior has previously been ob
served.2 No higher mass products were observed, but H 
atom s as m/e 1 were observed as a product of the reaction.

Reaction studies in excess H  concentration  were carried 
out where m/e 73 was again taken  as a m easure of reac tan t 
concentration. Again only small depletion rates were o b 
served, and the estim ated rate constan t is (0.3 ±  0.2) X 
10-13 molecules/cc sec as shown in T able I. Also sm all b u t 
m easurable CH4 was observed as a p roduct a t m/e 16. On 
the basis of the above observations tw o a lternative  detailed
m echanism s can be proposed for the  reaction.
M echanism  A

D + (CH3)3SiH —► HD + (CH3)3Si (7)

D + (CH3)3Si — -  (CH3)3SiD* (8)

(CH3)3SiD* —► (CH3)3SiD (at')
(CH3)3SiD* — ► D + (CH3)3Si (-8)

(CH3)3SiD*” — *• CH3 + (CH ^SiD  (9)

M echanism  B
D + (CH3)3SiH — ► HD + (CH3)2SiH(CH2) (10) 

D + (CH3)2SiH(CH2) — *- (CH3) 2(CH2D)SiH* (11) 

(CH3)2(CH2D)SiH* — ► (CH3)2(CH2D)SiH (w")

(CH3)2(CH2D)SiH* — -  CH3 + (CH3)(CH2D)SiH (12) 
o r CH,D + (CH3)2SiH

As in the case of H and D with SiH 4 the  species m arked 
with an asterisk are vibrationally excited and have to  be 
considered as possibilities in the presen t low pressure work. 
In mechanism A, reaction —8 likely is negligible in com par
ison to reaction 9 since the S i-D  bond is believed to  be 
stronger by ~ 4  kcal/mol than  th e  S i-C  bond. T he chemical 
activation function will then originate at the  critical energy 
for reaction —8 while the critical energy for reaction 9 will 
be lower lying by ~ 4  kcal/mol. Processes sim ilar to  reaction 
—8 have then been neglected in m echanism  B for the same 
reasons.

The observation of little depletion in both excess D and 
excess H in m/e 73 while mixing in m/e 59 and 60 is su b 
stan tia l in the D reaction suggests th a t most of the reaction 
in th is case is due to reactions 8 or 11 followed by s tab iliza
tion ((aj') or (a)")). If these processes were the only im por
ta n t processes then re-form ation of paren t com pound 
would occur exclusively in the H in excess system and no 
reactan t depletion would be observed. The ra te  constan t 
for depletion is, however, (0.3 ±  0.2) X 10-13 cc/molecule 
sec, and this can be attribu ted  to  decom position through 
m ethyl cracking (reactions 9 or 12 in the D system). The 
presence of m ethane as products in these atom  excess sys
tem s confirms this observation as will be discussed below.

S tabilization is the major process for removal of v ib ra
tionally excited species and results in the production of ei
the r (CH3)3SiD or (CH3)2 SiH (C H 2 D) in the D system  d e
pending on whether mechanism  A or B is invoked. If 
(CH3)2 SiH (C H 2 D) is formed, the p aren t less 1 value for 
m/e (i.e., 73) should decrease for the reactan t molecule and 
m/e 74 should increase substantially. As discussed above 
only small conversions to highly deu tera ted  trim ethylsil- 
anes are observed. This would indicate th a t mechanism B 
is unim portant. On the other hand, the  assertion th a t m/e 
73 in the reactant molecule is due only to (CH3)3S i+ ions 
leads to the conclusion th a t th is same m olecular mass will 
result if (CH3)3SiD is ionized. Also the observation of large 
changes in m/e 59 and 60 is understandable since these are 
derived from parents less CH3. T hus, a good m easure of 
reactant trim ethylsilane and product trim ethvlsilane-di
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are m/e 59 and 60, respectively, as shown in F igure 2. O ther 
workers have come to the  sam e conclusion . 2

Decay constants can then  be obtained for m/e 59 deple
tion in the D in excess system , and these yield a value for 
reactan t depletion of (1.7 ±  0.2) X 10- 1 3  cc/molecule sec as 
indicated in T able I. As discussed above the  to ta l trim eth- 
ylsilane concentration (m/e 73) depletes w ith a rate  con
s ta n t of (0.3 ±  0.2) X 10~ 1 3  cc/molecule sec due to  m ethyl 
cracking.

M echanism  A with the  back reaction — 8  neglected then  
explains the  observations. As will be discussed la ter in con
junction  w ith the other m ethylsilane system s, the dim eth- 
ylsilyl radicals which are produced in reaction 9 then  react 
rapidly w ith D, and another m ethyl is cracked out. This 
scheme is analogous to  reaction 8  followed by reaction 9 for 
trim ethylsilyl (i.e., it goes through a chemically activated 
vibrationally hot species), b u t there is no evidence th a t s ta 
bilization (i.e., reaction co') can take place a t the low p res
sure of these studies for vibrationally excited dim ethylsil- 
ane. The overall process is then

D + (CH3) 2SiD — -  CHS + (CH3)SiD 2 (13)

As will be discussed below there is also no evidence for 
monomethylsilyl reaction w ith D w ith subsequent s tab ili
zation of the excited m ethylsilane. Instead the excited 
species always decomposes to  give m ethyl and silyl. The 
overall process following reaction 13 is then

D + (CH3)SiD 2 — *■ CH3 + SiD3 (14)

In the D in excess system the m ethyl radicals from reac
tions 9, 13, and 14 rapidly exchange, again through a chem 
ical activation scheme which is analogous to  th a t of silyl 
(reactions 5 and 6 ). T he overall processes are

CH3 + D — - CH2D + H (15)

CH2D + D — *- CHD2 + H (16)

CHD2 + D — *• CD3 + H (17)

Thus, a d istribution  of deuterated  m ethyl radicals is 
formed which depends on the D atom  concentration, and H 
atom s are form ed as a product which agrees with observa
tion. The deu terated  m ethyl and silyl radicals will react 
with D and stabilize again through a chemical activation 
scheme (overall processes)
CH3 j ,D„ + D + M —  CH3 _D ntI + M 0 £  w £  3

(18)
SiD3 + D + M — " SiD4 + M (19)

and recom bination of m ethyl and any m ethylated silyl rad 
ical, which is highly favored from a chemical activation 
viewpoint, will likely be partially  com petitive with the D 
plus radical recom binations (reactions 18 and 19) even with 
high D concentrations. Reactions 18 and 19 are not highly 
favored from a chemical activation viewpoint due to  the 
relatively small num ber of degrees of freedom in the vibra
tionally excited m ethane and silane molecules. Thus, the 
overall process for m ethylated silane production can be 
viewed as
CH3 jiD„ + (CH3) 3 _mSiDm + M *■

(CH3) 3 _mCH3 rf,D„SiDm + M 0 £  n, m  £  3 (20)

Reaction 18 predicts CD4 , and this is observed as a product 
(Figure 2); reaction 19 predicts SiD4 , and th is is observed 
as a product (Figure 2); and reaction 20 predicts mono-, di-, 
tri-, and tetradeuteriom ethylsilanes as products. Of these

possibilities deu terated  trim ethylsilanes are observed as 
m inor products. Mono- and dim ethylsilanes are impossible 
to  observe in small concentrations due to  m/e peak in te r
ferences. Tetram ethylsilane is im possible to  observe since 
it has no m/e peak near 8 8 . Its  m ajor m ass peak is 73 also.

Even though reactions 18 and 19 are no t favored from a 
chemical activation viewpoint because of the small num ber 
of degrees of freedom in the excited m ethanes and silane, 
these reactions are the major rem oval processes for m ethyl 
and silyl radicals a t the  conditions of these experim ents 
(high [D]). The negligible concentrations of m ethylated si
lanes confirm  th is view. Thus, we conclude th a t the system 
in excess D cstri'be explained by mechanism  A w ith reaction 
— 8  considered to  be negligible. The sequence of reactions 
following mechanism  A is reactions 13 through 19. Reaction 
2 0  is not included since only m inor products a ttribu tab le  to 
it are observed.

If m/e 59 is taken  as a m easure of (CH 3 )3 SiH, then  the 
ra te  constant, (1.7 ±  0.2) X 10- 1 3  cc/molecule sec, will refer 
to  the abstraction  process, reaction 7, because th is process 
precedes both stabilization and  decomposition of 
(CH 3 )3 SiD*. This value is listed in T able II. The rate  con
s ta n t based on m/e 73 attenuation , (0.3 ±  0.2) X 10~ 1 3  cc/ 
molecule sec, is derived from the  difference between the 
depletion rate of (CH 3 )3 SiH and the form ation rate of 
(CH 3 )3 SiD. U nder the steady-state assum ption for 
(CH 3)3Si and (CH 3 )3 SiD*, th is rate  constan t refers to kjF 
where F  is the ratio  of decomposition to  decomposition 
plus stabilization of (CH 3 )3 SiD* and is (kg/kg +  < /). The 
average is taken over the chemical activation function for 
(CH 3 )3 SiD*. For the present conditions F  is 0.3/1.7 or 0.18.

In the reactan t in excess experim ents the m easured rate 
constants based on D and H atom  depletion are (5.0 ±  0.7) 
X 10~ 1 3  and (9.1 ±  C.8 ) X 10" 1 3  cc/molecule sec, respective
ly (Table I). In all experim ents the  D and H atom  concen
tra tions ranged from 2 to  6  X 101 2  atoms/cc. I t is likely th a t 
the  fast sequential atom ic cracking scheme which gives 
C H 3  (reactions 8  and 9, 13, and 14) is occurring. The resu lt
ing CH 3  and SiD 3  radicals do not appreciably recom bine as 
discussed previously, and by analogy with the  D w ith SiH 4 

system  we envision these radicals as simply stabilizing with 
D atom s perhaps homogeneously or on the walls of the re 
actor. Thus, the decomposition channel term inates with 
reaction 18 w ith n — 0 and reaction 19. No firm evidence 
from product analysis could be obtained due to  mass peak 
interference except th a t HD was definitely a product of the 
reaction. W ith mechanism A, reactions 13, 14, 18, with n = 
0, and 19 and the assum ption of steady sta te for all v ibra
tionally excited species and interm ediate radicals, the rate 
constan t for D depletion is 2 ^ 7 ( 1  + 3F). As discussed p re
viously in the D in excess experim ents, k7  = (1.7 ±  0.2) X 
10- 1 3  cc/molecule sec, and k-,F = (0.3 ±  0.2) X 10~ 1 3  cc/ 
molecule sec. Thus, a value for the D depletion rate con
sta n t of (5.2 ±  2.0) X 10- 1 3  cc/molecule sec is inferred, and 
the  m easured value is (5.0 ±  0.7) X 10- 1 3  cc/molecule sec. 
T his is in adequate agreem ent and fu rthe r justifies the 
stoichiom etry argum ents.

The same procedure is followed in the  H  atom  depletion 
experim ents (reactant in excess). T he m easured ra te  con
s ta n t in the H in excess experim ents is (0.3 ±  0.2) X 10- 1 3  

cc/molecule sec, and th is is knF. 2kq(\ +  3F) = (9.1 ±  0.8) 
X 10- 1 3  cc/molecule sec. Thus, £ 7 , the abstraction  rate  con
sta n t for H with (CH 3 )3 SiH, is (3.7 ± 1.0) X 10~ 1 3  cc/m ole
cule sec. F  is then 0.08. The abstraction  rate  constan t is en 
tered  in Table II.
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H  and D  with ( C H ^ ’iSiH^. (CH 3 )2 S iH 2  depletion was 
observed in the presence of excess D concentrations. The 
19 ±  1  eV mass spectrum  of (CH 3 )2 S iH 2  consists of m ajor 
mass peaks a t m/e 59, 58, 45, and 44 (relative in tensities of
1 .0 , 1.0, 0.42, and 0.98, respectively). Small b u t observable 
deu tera ted  d im ethylsilanes were observed as products. As 
in the trim ethylsilane case, however, the process which 
form these com pounds is minor. HD (m/e = 3), CD4  (m/e 
= 20), and SiD 4  (m/e =  34) were observed as products. All 
of the major m ass peaks (59, 58, 45, and 44) decreased w ith 
an increase in dwell tim e, and first-order decay constants 
based on attenua tion  of any of these peaks gave the  same 
value w ithin experim ental error. P articu lar a tten tio n  was 
given to the growth of m/e 46 w ith m/e 45 decay. T his ob
servation, by analogy w ith the trim ethylsilane case (m/e 59 
and 60), would indicate w hether (CH 3 )2 SiHD* stabilization 
occurs to  an appreciable extent. T he increase of m/e 46 was 
negligible and could be in te rp re ted  as fragm entation  of the 
m inor deu terated  dim ethylsilanes. No large decrease in the 
p a ren t molecular mass less CH 3  accom panied by a large in 
crease in the p a ren t-d i less CH 3  was observed. This case is 
clearly different from trim ethylsilane. T hus, there is no ev
idence for stabilization of dim ethylsilane-di after initial 
abstraction  and D addition. Instead  the channel for decom 
position is clearly favored. T he m echanism  th a t agrees w ith 
all of the observations is

D + (CH3) 2SiH2 — *- HD + (CH3)2SiH (21)

D + (CH3)2SiH — ► CH3 + (CH3)SiHD (22) 

D + (CHj)SiHD — CH3 + SiHD, (23)

where reactions 22 and 23 are w ritten as overall processes 
of the chemical activation scheme. In the D in excess exper
im ents the  m ethyl and silyl-d2  radicals rapidly  exchange as 
in reactions 15, 16, and 17. These partially  and to tally  deu
te ra ted  radicals can give rise to  minor buildup of d eu te ra t
ed tri-, di-, and m onom ethylsilanes sim ilar to  reaction 2 0 , 
b u t the ir predom inant fate in excess D is recom bination 
(reactions 18 and 19) to  form  SiD4  and CD4. B oth products 
are observed. Also higher m ass observations indicate the 
form ation of deuterated  trim ethylsilane in m inor am ounts.

Thus, the only process of im portance is decomposition, 
and th e  overall process in excess D is 13D +  (CH 3 )2 SiH 2  = 
HD + 2CD4  +  SiD4  + 7H. R ate constants based on reac
ta n t depletion (as m/e 59, 58, 45, or 44) refer to  the  ra te 
controlling reaction which is reaction 2 1 . T he value ob
tained is (1.4 ±  0.2) X 10- 1 3  cc/molecule sec. Similarly, the 
value obtained in the H in excess experim ents is (4.1 ±  0.9) 
X 10~ 1 3  cc/molecule sec, and this value refers to  the ab 
straction  rate constant. T he process in the la tte r case is 
sim ilar to  the D reaction, bu t CH 4  and SiH 4  are predicted 
to  be products. Both are observed a t m/e 16 and 31, respec
tively.

R esults were also obtained in the reactan t in excess sys
tems. Following the  conclusions m ade in connection with 
the silane and trim ethylsilane cases (i.e., D concentrations 
are sufficiently small th a t only m onodeuteration occurs 
with free m ethyl and silyl radicals either homogeneously or 
on the wall), the reactan t in excess overall process is 6 D + 
(CH 3 )2 SiH 2 = HD + 2CH3D + SiH D 3. T he rate-controlling 
reaction is reaction 2 1 , and steady-state analysis gives 
&appD = 6 &2 1 . The m easured ra te  constan t based on D de
pletion is (11.8 ±  1.8) X 10~ 1 3  cc/molecule sec, and thus, 
& 2 1  = (2.0 ± 0.3) X 10“ 1 3  cc/molecule sec. As sta ted  p re
viously th e  value obtained in D excess is (1.4 ±  0.2) X 10~ 1 3

cc/molecule sec, and the  agreem ent is adequate. T he over
all process for the  H  depletion experim ents also shows th a t 
six H atom s are used up for one dim ethylsilane. T he m ea
sured value in the reactan t in excess experim ents w ith H  is 
(25 ±  2) X 10~ 1 3  cc/molecule sec, and  th is  gives an inferred 
value for the H atom  abstraction ra te  of (4.3 ±  0.3) X 10~ 1 3  

cc/molecule sec in good agreem ent w ith th e  previously s ta t
ed value of (4.1 ±  0.9) X 10- 1 3  cc/m olecule sec obtained in 
H  excess. These values are listed in T able II.
H  and D  with C H 3SHI3. This system  is sim ilar to d i

m ethylsilane. No evidence was found for stabilization. The 
reaction goes entirely through a decom position channel 
after the  initial abstraction and subsequent D addition. In 
the  D in excess experim ents the overall process is 9D + 
C H 3 SiH 3  = HD + CD4  +  SiD 4  +  5H. T h e  ra te  constan t for 
reac tan t depletion is m easured to  be (3.0 ±  0.8) X 10~ 1 3  

cc/molecule sec. The H in excess value is (11.5 ±  2.0) X 
10“ 1 3  cc/molecule sec. By analogy with th e  other system s 
the reac tan t in excess overall process is modified to  4D +  
CH 3 SiH 3  = HD +  CH 3D + S iH 2 D2. The value ob ta ined  
from  D depletion experim ents is (12.5 ±  1.8) X 10~ 1 3  cc/ 
molecule sec which yields a value of (3.1 4= 0.5) X 10- 1 3  cc/ 
molecule sec in excellent agreem ent w ith the value from  D 
in excess. The overall process also suggests a value of 4 for 
the  stoichiom etry factor for the H depletion w ith reactan t 
in excess experim ents. The m easured value is (46 ±  8 ) X 
1 0 “ 1 3  cc/molecule sec which, after correction for the sto i
chiom etry factor, gives (11.5 ±  2) X 10“ 1 3  cc/molecule sec 
in excellent agreem ent with the H  in excess value previous
ly given. These values are also listed in Table II.

T here is fu rther evidence th a t the  stoichiom etric re la 
tionships which have been suggested between the atom- 
lean and -rich experim ents are reasonable. Small peak 
heights a t m /e 90, 89, 8 8 , 87, and 8 6  in ratios of 1.0, 0.9, 0.9, 
0.4, and 0.6, respectively, were observed in both  reactan t in 
excess systems with D and H. The spectrum  was identical 
in bo th  systems and was a product of the reaction. As is the 
case in the H and D with SiH 4 where disilane-do was ob
served, we suggest th a t th is spectrum  is due to  th e  dim er of 
m ethylsilyl radicals, (CH 3 )2 H 4Si2. Production rates were 
m inor and do no t affect the stoichiom etry argum ents made 
above. However the observation does serve as a tracer for 
the  fate of CH 3 SiH 2  radicals and shows th a t D w ith radical 
recom binations with subsequent m ethyl cracking predom i
nates over simple exchange. The free m ethyl and silyl-dj 
radicals then  prim arily m onodeuterate to give m ethane-d 1 
and silane-d2. This is a common feature in the stoichiom et
ric argum ents which we have used for all eight reactions 
stud ied  in th is paper.

D iscussion

One feature of the present study which has no t been sug
gested before in the H with m ethylated silane systems is 
the  ex ten t of atomic cracking of m ethyl due to  atom  with 
m ethylated  silyl radical reactions. Two things will lim it the 
ex ten t to  which these processes are im portant. One is ob
viously the relative concentration of the atom s and rad i
cals, and the other is the to tal pressure. Obi e t a l . , 4 who are 
the  only workers who have made detailed product analyses, 
report only m inor production of m ethane and th is indicates 
relatively little atom ic cracking. This is not a po in t of d is
agreem ent b u t should be expected because the photochem 
ical generation of D atom s in the presence of large concen
trations of C2D 4  and methylsilanes (~100-200 Torr) will 
lim it [D] to  small values, and even if D w ith radical in terac
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tions do take place the resulting vibrationally excited 
species should stabilize ra th e r than  dissociate a t the higher 
pressures of the ir experim ents.

U nder the presen t low pressure conditions the subse
quen t cracking, after abstraction and atom  addition  to  the 
m ethylated  silyl radical, is to  be expected. Obi e t a l . 4 p res
e n t bond energy estim ates of the S i-H  bond for silane and 
for mono-, di-, and trim ethylsilanes and these decrease 
w ith  increasing methyl substitu tion . T hus, when H is 
added  to trim ethyl silyl th e  minimum vibrational energy of 
th e  chemically activated molecule, E*, is 81.1 kcal/mol. 
Similarly, when H is added to dim ethylsilyl, m onom eth- 
ylsilyl, and silyl the values for E*  are 84.0, 85.9, and 95.2 
kcal/m ol, respectively.

Simons and coworkers1 1 - 1 4  have carried out experim ents 
and RRKM  calculations with chemically activated m eth- 
ylsilanes. However, th e  technique of activation is m ethy
lene insertion, and the ir preferred E* value is very m uch 
higher, ~130 kcal/m ol, than  those in the presen t cases. A 
common feature in all m ethylsilane system s which these 
workers have used is th a t the  C -S i bond energy is 78 ±  4 
kcal/mol. This value is inferred from several sources . 1 5  

Thus, the critical energy, Eo, for m ethyl dissociation from 
any chemically activated m ethylated  silane should be ap 
proxim ately 78 kcal/mol. Assuming the same critical energy 
for m ethyl decom position for the presen t mode of activa
tion (H addition to  tri-, di-, and monom ethylsilyl), the 
m ethyl dissociation channel will be lower lying than  the H 
dissociation channel by 3.1, 6.0, and 7.9 kcal/mol, respec
tively. Hence m ethyl rup tu re  from an activated m ethylated  
silane is energetically favored over H rup tu re , and th is te n 
dency increases w ith decreasing m ethylation. N ot only are 
the m ethyl dissociation channels progressively lower lying, 
bu t the num ber o f  degrees of freedom of the vibrationally 
excited molecules decreases from trim ethylated  to  mono- 
m ethylated excited silanes. According to RRKM  theory, 
the lifetim e with respect to  dissociation of an activated 
molecule decreases with increasing energy E* and also d e
creases with a decrease in the num ber of active degrees of 
freedom (all other things being equal). These two features 
combine to make the specific rate  constant for m ethyl d is
sociation increase by several orders of m agnitude as m eth 
ylation decreases. The effect of a decrease in degrees of 
freedom can be seen in the RRKM  calculated ke values for 
di- and trim ethylsilanes from Hase, Mazac, and Sim ons . 1 4  

In their calculation E* is nearly constant, as is E q. Their 
calculated values for ke are 2.0 X 107 and 9.2 X 108  sec- 1  

for tri- and dim ethylsilanes a t E* values of 130 and 129 
kcal/mol, respectively.

The effect of decreasing the excess energy of the ac tiva t
ed molecule from 130 to  81 kcal/mol for a constant Eo of 78 
kcal/mol will be to  substantially  decrease the &e value even 
more in the trim ethylsilane case. This has been partially  
tested  from E* = 133 to 123 kcal/m ol , 1 3  and the decrease in 
ky, is from 34.8 to 6 . 8  X 106  sec- 1  (for assum ed RRKM  
models for the reaction), respectively, where &e is the spe
cific rate constant for decom position of the chemically ac ti
vated species.

T he present result of F  = 0.08 in the H with trim ethylsil
ane case gives ky an approxim ate value of 9 X 10'’ sec- 1  for 
an assumed effective collision frequency of ~ 10 7 sec“ 1. To 
be sure, th is value is lower than  the 6.8 X 106  sec - 1  value 
quoted above for E* = 123 kcal/mol. However, the differ
ence in ky, does not appear to  be large enough for such a 
large difference in excess energy. For the presen t mode of

activation, the activation function will arise a t .Emin* = 
E  m in* E q — 3.1 kcal/m ol, whereas in the m ethylene add i
tion mode Emin* = 52 kcal/mol. W ith reasonable molecular 
models of sim ilar com plexity, detailed RR K M  calculations 
of ky generally decrease by ~ 6  orders of m agnitude for 
such a large change in excitation energy . 1 6  This can be seen 
more easily from the sim ple RR K  theory  on the basis of 
only one quarte r of the available oscillators being active, 
i.e., S = 9. T he ratio  of dissociation rate  constants a t E* = 
130 to  E* =  81.1 for E 0  = 78 is ((52.0 X 81.1 )/(3.1)(130))8 =
1.4 X 108. This ratio  would be larger for S >  9. Also, a t E* 
= 130 kcal/mol the  m olecular elim ination channel to give 
m ethane is presum ably com petitive with m ethyl dissocia
tion according to  Simons and  coworkers . 1 4  In the  p resen t 
trim ethylsilane work a t E* = 81.1 kcal/mol, there is evi
dence against such processes since the m ethane which is 
observed in the excess D system  is always CD4 ra the r than  
CH3D. M ethane elim ination will arise from a m uch differ
en t transition  sta te  than  th a t for m ethyl dissociation even 
though the active molecule is com mon for both channels. 
T he principal differences in the m olecular elim ination 
com pared to bond cleavage dissociation channels are the ri
gidity of the models for the transition  sta tes and also the 
E q values. In general, the E 0  values for elim ination chan
nels are lower than  those of cleavage channels and th is 
would favor elim ination over cleavage. However the major 
effect is the need for rigid transition  states, and th is seri
ously decreases the sum  of states in the calculation for hE, 
and it is m arkedly lowered.

It is difficult to  devise RRKM  models for these molecu
lar elim ination cases. We suggest from our results and 
those of Simons and coworkers1 1 - 1 4  th a t molecular elim ina
tion channels are negligible under the present activation 
conditions and only become im portan t a t higher E* values. 
We suggest th a t the m ethyl dissociation channel accounts 
for the present results in which case the lifetim e for the ex
cited sta te in the trim ethylsilane case is ~ 1 0 - 6  sec and s ta 
bilization is com petitive a t 3 T orr of He. We suggest on the 
basis of the above discussion th a t the lifetimes of excited 
mono- and dim ethylsilanes will be orders of m agnitude 
sm aller than  trim ethylsilane, m ethyl decomposition will 
predom inate, and stabilization will be negligible for the 
presen t conditions. These theoretical considerations agree 
with the experim ental conclusions.

W ith regard to the H atom dissociation channels which 
are possible when D is added to any silyl or partially  m eth 
ylated silyl, the rate constants for these channels should 
also be much larger than  molecular elim ination and should 
be nearly com petitive with m ethyl dissociation. H dissocia
tion will lie lower than  E m;n* by approxim ately the differ
ence in zero point energies of S i-H  and Si-D  (~1.0 kcal/  
mol). Since the transition  states for H and m ethyl dissocia
tions should be sim ilar (i.e., loose complexes), the sum of 
sta tes for the complexes will be sim ilar for a common ac ti
vated molecule. Since m ethyl dissociation is lower lying 
than  hydrogen atom dissociation for D with radical activa
tion, m ethyl dissociation should predom inate over ex
change, bu t exchange will still be orders of m agnitude more 
probable than  stabiliztion for all silanes except trim ethylsi
lane under the present conditions. This is exactly the view 
taken  to rationalize the data above.

T he inferred and m easured room tem perature abstrac
tion rate constants for H and D with silane and mono-, di-, 
and trim ethylsilanes are given in Table II. There is rela
tively little work with which to  compare the present data,
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b u t the com parisons th a t can be m ade are also noted  in 
T able II.

Contineanu, Mihelcic, Schindler, and Potzinger2 report a 
room tem peratu re  m easurem ent of the abstraction  rate

TABLE III:

Property

constan t of 1.8 X 10-13 cc/molecule sec for D +  (C H a^SiH Complex >ha y *  6» c Z P E Rtf V * ^str V\b
in a discharge-flow system  w ith ESR detection. They have
also determ ined an activation energy of 2.3 kcal/mol. T he SiH3—H—H 0.25 6.2(6.2) 3.12 1102i 1336 530 (2)
present results, which are also obtained in a discharge-flow SiH3_H—D 8321 1188 496 (2)
system , are in excellent agreem ent. The presen t work has CH3SiH2-H-H 0.13 3.3 (3.6) 3.10 685i 1693 417 (2)
also confirm ed the details of the ir reactan t profile analysis CH3SiH2-H-D 493i 1658 393 (2)
and most of the  conclusions about the m echanism . We have (CH3)2SiH—H-H 0.11 3.0(3.3) 3.06 6221 1761 394 (2)
further suggested th e  presence of atom ic cracking in the (CH3)2SiH-H—D 4461 1736 372 (2)
trim ethylsilane reaction which they would not consider (CH3)3Si-H-H 0.09 2.5(2.8) 3.04 554i 1832 365 (2)
since they observed no m ethane as a product. (CH3)3Si~H-D 395i 1817 345 (2)

Mihelcic, Potzinger, and Schindler5 in a recent paper 
have also investigated the D w ith SiH 4 reaction. These 
workers have obtained a value of (3.0 ±  1.0) X 10-13 cc/ 
molecule sec a t room tem perature in excellent agreem ent 
w ith the present value. T em perature variation studies ind i
cate an activation energy of 2.5 kcal/mol. T he present re 
sults confirm  nearly all of the  conclusions draw n by these 
au thors with regard to  reaction profiles and product form a
tion. One apparen t difference is the m agnitude of disilane 
production inferred by these workers com pared to  the p res
en t reactan t in excess with D experim ents. T he conditions 
of the present experim ents (Figure 1) are such th a t only 
initial form ation rates are observed since [D] and [SiH4] 
are small. Reference to Figure 7 of the previously cited 
paper5 shows th a t S iF^D  builds up initially followed by 
S i2 H 6 , in com plete agreem ent with the view taken here.

M oortgat1 reports a lower lim it for the abstraction  rate 
constant of 2.2 X 10~13 cc/molecule sec for H -I- S iH 4 d e ter
mined w ith a discharge-flow system a t room tem perature. 
U nder the same conditions, excess aiom  concentrations, 
the  observed value is <  (0.5 ±  0.3) X 10~13 cc/molecule sec, 
and  these results are not in agreement.

Hong3 has perform ed relative experim ents in which 
steady-state H atom changes are observed by Lym an a ab 
sorption spectrophotom etry as a function of added reactan t 
concentration. The experim ent is designed to give rate con
stan ts relative to H +  C2 H 2 . 8 The results a t 15 T orr for H 
with silane and mono-, di-, and trim ethylsilanes are also 
given in Table II. The results for tri- and dim ethylsilanes 
are within 50% of the presen t results and are therefore in 
m oderate agreement. T he results for m onom ethylsilane 
and silane are an order of m agnitude different and do not 
agree.

Lastly, the abstraction ra te  constants for D with all of 
the reactant silanes have been estim ated by Obi, Sandhu, 
Gunning, and Strausz4 from results relative to  D +  C2 D4 in 
its high pressure limit. The value which they used for the 
calibration reaction is in close agreem ent with th a t recently 
estim ated from this laboratory17 and we therefore expect 
good agreem ent. These values are also listed in Table II; 
however, they are generally higher by a factor of 2-3 than  
the present results. Considering the com bined uncertain 
ties in both studies th is is m oderate agreement.

W ith regard to the relatively large isotope effects which 
are observed in the abstraction  rate constants (Table II), 
some theoretical isotope effect calculations were carried 
out for these systems. Obi e t al.4 have listed the bond p a
ram eters for silane and the m ethylsilanes and have used 
the BEBO m ethod to ex tract estim ates for the potential 
energies of activation for the H atom  abstraction  process. If 
the approxim ation is m ade th a t the abstraction process can

a n-i is the bond order for H-H at V*. 6 Values calculated from 
modified expression for Vtr listed in ref 4 with « = 1.19. c Values in 
parentheses are taken from ref 4 and were calculated in a similar 
manner. d ZPEu = we/2 expressed in kcal mol“1 where ue is the Si- 
H stretching frequency for a given silane as listed in ref 4.

TABLE IV:

R eactant ^ b/ ^ d r  * / r  *fl1 H /  1 D

S1H4 0.98 1.3
CH3SiH3 1.26 1.0
(CH3)2SiH2 1.33 1.0
(CH3)3SiH 1.33 1.0

° Computed tunneling corrections for an unsymmetrical Eckart 
barrier as defined in ref 18.

be trea ted  as an H atom  plus diatom ic molecule reaction to 
form a linear activated complex, then  the BEBO calcula
tion can be continued as described by Johnston ,13 and e s ti
m ates of force constants and ra te  constants can he ob
tained.

The bond param eters assigned by Obi e t al.4 have been 
used to  calculate the activated  complex properties listed in 
Table III. These properties were used to calculate the iso
tope effects th a t would be predicted in each case from the 
expression19

hs.
k r

'? v 4 v 4 /1 1H _  R h  T T  O lH ( A

■'l D* ¡=1 ^iD* '1
1 e _ _ j D  —  \ e . U M * . e o D* ) / R T  

p-fc'iH* t k T  /

The approxim ation is made th a t the ratio  of reaction coor
dinates j'l h V i'l d * is given by ¡'h *A 'd * ,  the ratio  of im agi
nary frequencies, and the results are listed in Table IV. 
The fact th a t the ratio  of &h/ ^ d for reaction with S iH 4 is 
less than  unity  is not surprising since th is can occur in 
cases of isotopic substitu tion  of an atom  reac tan t.19 How
ever, the predicted increasing trend  in the ratio  &h / ^ d 
through the series of com pounds, silane to  trim ethylsilane, 
contradicts the observed decreasing trend: kn/ky, ~  6 for 
silane to  &h/&d ~  2 for trim ethylsilane.

A possible cause for the observed trend  in &h / ^ d is the 
increasing im portance of quantum  tunneling of H atom s as 
the potential energy of activation increases. This effect is 
shown in Table IV. The ratio of tunneling corrections for 
an assumed asym m etric E ckart barrier does decrease from 
the silane to  m onom ethylsilane as does the po ten tia l ener
gy of activation. This correlation suggests th a t the present 
results could be explained by tunneling. However, the p re
dicted m agnitudes of the tunneling ratios are much lower 
than  would be necessary to  explain the data.
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T he discrepancy between experim ent and theory  could 
be due to  either inaccurate d a ta  or an inadequate reaction 
model. The good agreem ent between the  m easured (atom 
excess) and inferred (reac tan t excess) abstraction  ra te  con
stan ts th rough consistent stoichiom etric argum ents for all 
eight reactions is evidence th a t  the d a ta  are accurate. Also 
the  com parison between the  p resen t results and other 
workers, where possible, is adequate and gives confidence 
in the  abstraction  rate constants. T he kinetic role of certain  
unobservable species such as vibrationally excited hydro
gen cannot explain the discrepancy. If  such a species was 
reacting w ith  silanes, substan tia l silane depletion rates 
should have been observed, for example, in the  H in excess 
w ith  SiH 4  and  the H and D in excess w ith (CH3)3SiH sys
tem s. As already m entioned, no substan tia l depletion was 
observed.

On the o ther hand, there is no question b u t th a t the 
BEBO model, which has been adopted  as the  reaction 
model, is too simple. A more sophisticated theoretical 
trea tm en t a t  the p resen t tim e is n o t called for since there 
are still am biguities in the kinetic param eters which are 
needed for such calculations. For example, the  best e s ti
m ates of kinetic param eters give 6.2 kcal/m ol (Table III) 
for the po ten tia l energy of activation for H  or D w ith SiH 4. 
This value should be nearly equal to  the activation energy, 
b u t the recently m easured value for D +  SiH 4  is 2.5 kcal/ 
m ol . 5  Also a relative m ethod for H +  SiD 4  gives 3.2 kcal/ 
m ol . 6  Both of these values are sim ilar to  th a t found in the 
D +  (CH3)3SiH case . 2 This observation m ay be evidence 
th a t  th e  linear abstraction  complex used in the BEBO for
m ulation is entirely  inadequate and th a t some other more 
com plicated interm ediate configuration resulting in a b 
straction  is more appropriate. A five-bonded silicon com 
plex utilizing the d orbitals of silane has been suggested . 2 0  

T he present results neither confirm nor deny the possibili
ty  of such a five-bonded system. However they suggest th a t

such a complex is not vibrationally activated and th a t its 
lifetim e is small in com parison to  the collision rate . T hus, it 
should be considered a nonlinear th ree-centered  transition  
state . W hether such reaction models can predict the iso
tope effects presented  here is a subject of fu rthe r research.
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T he allene -*• propyne isom erization highly d ilu ted  in an  inert gas was studied behind reflected shocks in a 
single-pulse shock tube. T he tem peratu re  range covered was 1030-1220°K and  pressures (P 5 ) varied be
tween 1.2 and 6  atm . U nder these experim ental conditions th e  isom erization is very “clean”. Only 0.17% of 
the  decom position products was found afte r 30% of th e  allene had isomerized. The isom erization is first 
order w ith respect to  allene and very slightly dependen t on the  to ta l pressure under th e  above-m entioned 
experim ental conditions. Around 5 atm  the  first-order ra te  constan t is k uni = 1 0 1 3 1 7 ± 0 -6 0  exp{—(60.4 ±  3.1) 
X 103/RT] sec-1 , w ith an overall power dependence of 0.2 on the to ta l density. All the d a ta  points fit an 
equation kani = 10“ exp (—E /R T )pP  w ith a = 14.17 ±  0.66, E  = 61.2 ±  2.5 kcal/m ol, and j3 = 0.20 ±  0.09 
where p is the  to ta l density  in units of m ole/cc and 1 0 “ is in sec-1 . Several shocks run  in th e  propyne —*■ a l
lene direction gave rate  constants which were by a factor of ~2 .3  sm aller than  those of the  allene —► p ro 
pyne direction. This value of 2.3 is smaller th a n  the  equilibrium  constan t calculated from  th e  difference in 
AFf° of the two isomers a t  1100°K. Shocks which were run  w ith m ixtures of 1 % CD2=C=CD 2 and 1 % 
C H 2= C = C H 2  and the analysis of the isotope d istribu tion  in the  products proved the reaction to  be pure 
unimolecular.

I. Introduction

T he allene —► propyne isom erization takes place by the 
rem oval of a hydrogen from one carbon atom  and the  a t 
tach m en t of a hydrogen to another carbon in the molecule. 
A single bond and a trip le bond are thus form ed to  replace 
two double bonds. This process can take place by a unim o
lecular m igration of the hydrogen atom from  one end of the 
molecule to the other. I t m ay also proceed via the form a
tion of four-center dim ers or by some free-radical m echa
nism. By the study of the kinetics of th e  reaction, the de
com position th a t accom panies the isom erization, and the 
isotope d istribu tion  of the product when labeled reactan t is 
being used, the mechanism of the isom erization can be clar
ified.

A lthough th is isom erization is ra the r straightforw ard, 
very little  atten tion  has been devoted to  its study. Only one 
kinetic investigation has come to our a tten tio n . 2  This in 
vestigation presents the isomerization as one out of a num 
ber of reactions th a t take place when allene or propyne is 
heated  to high tem peratures. Using a flow system, Levush 
e t al. 2  determ ined the first-order ra te  constants of the 
isom erization over the tem perature range 900-1150°. W ith 
m ixtures of 1.23 and 2.26% propyne and 1.10% allene in n i
trogen a t an overall pressure of 1  atm  the following rate 
constan ts were obtained = 4.4 X 10u  exp(—54.7 X
10R/RT) sec- 1  and Ap—a = 2.0 X 101 1  exp(—55.2 X 103/RT) 
sec-1 . T he fact th a t th e  two propyne m ixtures gave the 
same profiles of conversion vs. tim e led the authors to  the 
conclusion th a t the reaction was first order with respect to 
the  isomerized molecule. They did not look, however, a t the 
effect of the to ta l pressure on the isom erization nor did 
they  try  to study the mechanism  of the reaction.

T he allene —► propyne isom erization was also m entioned 
in a series of papers by Sakakibara 3 ’4  who dem onstrated 
th a t  the structu ra l isom erization was considerably faster

th a n  the  decompositions. He did not, however, calculate 
ra te  constants.

In th is article we present a detailed investigation of the 
allene —► propyne isom erization beh ind  reflected shocks in 
a single pulse shock tube. R ate constants, reaction orders, 
and details on the  m echanism  are presented.

II. Experimental Section
A. Apparatus. The isom erization reaction was stud ied  in 

a 2-in. i.d. single-pulse shock tube. T he driven section was 
13 f t long m ade of “double tough” Pyrex tubing including 
an 11-in. stainless steel te s t section. T he driver section was 
constructed from brass and its length could be adjusted  in 
small steps in order to  achieve the best cooling conditions. 
A 36-1. dum p tank  was connected to th e  driven section near 
the  d iaphragm  area to  prevent reheating  of the  gas by dou 
bly reflected shock waves. The driver section was separated 
from  the driven section by M ylar polyester films of various 
thickness. A full description of the shock tube and the d e 
tails of its operation has already been discussed in previous 
publications . 5

Before each te s t run, the tube was pum ped down to sev
eral hundred ths of a micron. The leak and/or degassing 
ra te  was approxim ately 2 X 10- 5  Torr/m in. T he vacuum  in 
the  tube was m easured w ith a cold cathode gauge located 
near the end plate of the driven section.

Incident shock velocities were m easured from which the 
reflected shock param eters were calculated. This was done 
with two m iniature high-frequency pressure transducers 
(Vibrom eter Model 6QP500) the ou tpu t of which was fed 
into a hom e-built period m eter, accurate to  0.1 ¿¿sec. Dwell 
tim es corresponding to the location of one of the  transduc
ers were recorded on the oscilloscope and could be d e ter
m ined from the pictures to ±10%. These dwell tim es were 
la ter corrected and averaged as has been discussed in a p re
vious publication . 6
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TA B LE I: T es t M ix tu re s  an d  E x p erim en ta l 
C onditions of th e  Seven G roups of E x p erim en ts

Sym
bol
used

P i No. of in
Com - range, T5 shocks fig -

Group position T o r r  range, °K run ures

1A 0.25%
allene

178-224 1060-1200 29 ■

2A 1%
allene

169-223 1052-1198 20 •

3A 1%
allene

46-58 1040-1217 19 •

4D 1%
allene-d4

198-218 1027-1212 15 +

5P 0.25%
propyne

190-210 1083-1151 7 ▲

6P 1%
propyne

194-198 1039-1109 6 •

7P 1 %
propyne

49-55 1051-1160 9 ♦

B. Materials. Seven reaction m ixtures, th ree containing 
allene, one containing allene-A , and th ree containing pro- 
pyne (all dilu ted  in argon), were prepared on a high-pres
sure stainless steel line and were stored in stainless steel 
cylinders a t approxim ately 100 psi. The cylinders were 
baked prior to  the ir use and  were la ter pum ped down to 2  

X 10- 5  Torr. T he seven reaction m ixtures and some add i
tional inform ation are presented  in T able I.

A num ber of tests  were also run w ith a m ixture of 1% a l
lene and 1 % perdeuterioallene for isotope d istribution  
studies.

The allene and the  propyne used were obtained from the 
M atheson Gas Co. Before the preparation  of the m ixtures, 
a portion of the allene was transferred  into a glass bulb for 
removal of im purities. I t was frozen in liquid N 2 , pum ped 
on, and then thawed out. This was repeated  several times. 
I t was la ter frozen in a m ethylcyclohexane-liquid N 2  bath  
and pum ped on for some time. The final analysis of the a l
lene showed 0.00022% CH 4, no traces of C2 H 4 or CoHe, 
0.001% C 2 H 2 , and 0.10% propyne. Following the same p ro
cedure, the propyne showed in the final analysis 0.0003% 
CH 4 , no traces of C2 H 4  or C 2 H 6, 3.9% C2 H 2 , and 0.425% al
lene. The cleaning procedure in the propyne increased 
slightly the acetylene from 3.6 to  3.9%, bu t decreased the 
allene contam ination from 2 . 1  to  0.425%. We could not de
crease the percentage of acetylene in the propyne.

T he perdeuterioallene was purchased from Merck Sharp 
and Dohme of Canada, L td. A mass spectrom etric analysis 
showed approxim ately 9% C3 D 3 H and 91% C3 D 4 . A gas 
chrom atographic analysis showed 0.024% propyne and a l
m ost undetectable quantities of the other hydrocarbons 
m entioned above.

T he argon used was M atheson Grade listed as 99.9995% 
pure. The driver gas was helium prepurified grade.

C. Analysis. Samples were taken from the end block of 
the driven section in 50-cc glass bulbs and were analyzed 
for allene and propyne on a Packard 800 series gas chrom a
tograph using a flame ionization detector. A Porapak N 
column a t 85° separated the allene from the propyne. At 
very low extents of reaction where the  ratio [propyne]:[al
lene] did not exceed 1 :1 0 0 , the analyses were carried out a t

65° to  increase the separation. Runs a t high ex ten t of reac
tion were analyzed also for decom position products. This 
was done a t an initial tem peratu re  of 40° which was g radu
ally raised to  85° w ith a P ackard  M odel 846 tem peratu re  
program m er. A t the highest tem pera tu re  (1217°K) tested , 
the  following decom position products were observed: CH4, 
0.067%; C2 H 4 , 0.071%; and C 2 H 2 , 0.16%. In this run 27.6% 
conversion to  propyne has occurred.

The mass spectral analysis of the pure C3 Ü4 was per
form ed on a V arian-M A T M odel 311 mass spectrom eter. 
M ixtures of 1% C3 D 4 +  1 % CgH4 (allene), shocked and un 
shocked, were analyzed on the  GNOM, V arian—MAT 
M odel 1 1 1  G C-M S, using P orapak N column a t 85°. T he 
m ass spectrum  of each substance was recorded photogra
phically when reaching the peak on the gas chrom atograph 
detector (total ionization detector).

III. Computations
A. Reflected Shock Parameters. T he reflected shock p a

ram eters were calculated from th e  m easured incident shock 
velocities using the th ree conservation equations and the 
ideal gas equation of state. T he enthalpies of allene and 
propyne were taken  from the Americal Petroleum  Institu te  
Project No. 44 , 7  and were presented  as six-term  polynom i
als. T he polynomial coefficients were calculated by the 
least-squares m ethod. The calculations were carried out on 
a C.D.C. 6600.
B. Dwell Times. T he reaction dwell tim es were recorded 

as the tim e interval between the  arrival of the reflected 
shock wave and the expansion wave to  the  transducer lo
cated farthest from the end plate. T he dwell tim e a t  this 
po in t is considerably smaller th a n  the average dwell tim e 
which m ust be in troduced into the  kinetic equations. The 
m easured dwell tim e m ust be corrected for its variation 
along the test section;.of the driven section and for the 
change in the location pf the gas during the expansion pro
cess. These two corrections require the knowledge of the 
shock param eters and the final pressure in the shock tube, 
P-,. The equation which relates th e  corrected dwell tim e £c 
w ith the m easured one tm  is6

'c =  tm + {ft* -  |d , ( p 7AD1) /( p 5/p 1) | ( ^ -  + (D

where bm is the distance between the transducer which 
m easures £m and the end plate, df is the length of the  sam 
pling zone, P5 /P 1 is the com pression ratio  behind th e  re
flected shock, u 5  is the reflected shock velocity, and as is 
the speed of sound a t T 5.

IV. Results and Discussion
A. Rate Constants. In order to  determ ine the reaction 

order, the rate constants and the  activation energy of the 
reaction, seven groups of experim ents were carried out. 
Four started  from allene and th ree  s ta rted  from propyne. 
The seven groups and their experim ental conditions are 
listed in Table I. In Table II th ree  representative shocks 
from each one of the seven groups are listed in detail. 
Owing to the very high purity  of the allene used, conver
sions as low as a few ten th s of 1 % could be accurately m ea
sured and a variation of alm ost 2  orders of m agnitude in 
the isom erization rate  constant could be covered, consider
ably below equilibrium .

We have chosen the first th ree groups of experim ents in 
such a way th a t both the effect of the to ta l pressure and the 
concentration of the reacting molecule on the first-order
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T A B L E  I I :  D e ta i ls  o f T h re e  R e p re s e n ta tiv e  T es ts  fro m  E a c h  o f the  S even  G roups o f E x p e rim e n ts

Group Composition
Pu

T o rr t 5, °k

D well 
time, msec

P 5, atm

Conver
sion  it )

-  conver t. 
s ion  (0),$ ûni? SGCt m h

1A 0.25% C H 2= C = C H 2 207 1081 1.78 2.46 4.48 2.1 8.5
204 1126 1.78 2.45 4.74 6.7 28.7 -
179 1200 1.67 2.30 4.64 30.4 ' 168'

2A 1% c h 2= c = c h 2 217 1052 1.69 2.41 4.70 1.0 4.2
200 1101 1.72 2.42 4.70 3.4 14.4
186 1151 1.72 2.39 4.73 11.5 52.4

3A 1% c h 2= c = c h 2 56 1040 1.83 2.54 1.19 . 0.5 2.0
52 1111 1.69 2.34 1.24 CO to 13.9
57 1216 1.56 2.17 1.59 ‘■ 27.1 154

4D 1% c d 2= c = c d 2 198 , 1027 1.61 2.33 4.11 0.46 2.0
200 1101 1.44 2.14 4.70 2.4 16.2
215 1212 1.67 2.32 5.97 33.2 188

5P 0.25% CH3—C = C H 195 1083 1.69 2.38 4.24 ;1.2 5.4
194 1116 1.68 2.34 4.44 2.0 9.0
197 1151 1.75 2.41 4.75 4.6 21.5

6P 1% CHS—C = C H 197 1039 1.78 2.48 4.17 0.4 1.6
197 1063 1.69 2.40 4.35 0.6 2.5
195 1109 1.75 2.43 4.64 2.1 9.3

7P 1% c h 3—c = c h 55 1051 1.81 2.50 1.19 '0.5 1.8
54 1086 1.89 2.57 1.24 0.7 2.8
55 1160 1.69 2.32 1.42 4.5 22.0

Figure 1. A plot of log kuni vs. 1/7" for groups of experiments 1A, 2A, 
and 4D (allene). The points of these three groups scatter along one 
line indicating first order with respect to allene.

Figure 2. A plot of log kuni vs. 1/7" for experiments of group 3A (al
lene). These points are slightly below the ones shown in Figure 1 in
dicating a weak dependence on the total pressure. The line obtained 
by Levush et al. is shown for sake of comparison.

rate  constan t could be independently  determ ined. In Fig
ure 1, log &a is plo tted  vs. 1 IT for groups of experim ents 
1A, 2A, and 4D. The points of these th ree groups scatter 
along one line indicating no effect of the allene concentra
tion  on the  first-order rate  constant and no obvious isotope 
effects. A least-squares analysis of the 1A, 2A, and 4D data  
points yields &a = 101317±0-6 expj—(60.4 ±  3.1) X 10S/RT\ 
sec-1 .

The data  points of group 3A are slightly lower than  those 
of the high-pressure runs. Since the difference is very small 
(A log k ~  0.12) they are presented on a separate figure 
(Figure 2). This small difference indicates th a t under our 
experim ental conditions the reaction does not lie in the

first-order lim it b u t very close to  it. The overall reaction 
order is

n
+ A log k 

A log P
1.2

T he slopes of the lines in Figures 1 and 2 are alm ost 
identical although one would expect the slope in Figure 2 to  
be slightly smaller th an  th a t in Figure 1. A least-squares 
analysis which includes all the points of the four groups of 
experim ents together, to  fit an equation of the type k = 10“ 
exp(— E/RT)p<3 yields a = 14.17 ±  0.66, E  — 61.2 ±  2.5, and 
/3 = 0.20 ±  0.09 where p is the to ta l density of the reaction 
m ixture in units of mole/cc and 10“ is in un its of sec-1 .
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Figure 3. A plot of log kuni vs. 1/7for groups of experiments 5P, 6P, 
and 7P (propyne). The line corresponding to the high-pressure allene 
points is also shown for comparison. The distance between the lines 
gives the value of Keq.

Our low-pressure experim ents which were run a t the 
same pressure as the  ones described by Levush et al . 2  lie 
above the ir corresponding points by A log k ~  0.28 a t 
1100°K. Also, our activation energy 60.4 ±  3.1 is slightly 
higher th an  theirs, which is 54.7 kcal/mol. However, in view 
of the fact th a t the  experim ental techniques are completely 
different and th a t  the ir tem perature range is alm ost 2 0 0 ° 
higher than  ours, th e  agreem ent between the results can be 
considered very good. The slightly lower activation energy 
obtained in the  flow experim ents m ight be a  resu lt of some 
catalytic effect of the very narrow  flow tube used.
B. The Equilibrium Constant. In order to  evaluate the 

ra te  constan t of the isom erization from  the  m easured ex
te n t of reaction, the equilibrium  constant m ust be known. 
The ra te  constan t is given by

kht =  — {K/K  + 1)} In
1 ~ \(K + 1) /K\xja 
1 -  {(A +  l)/K}x0/a

( It)

where the subscript A denotes the  allene — propyne direc
tion, xo and xt are the in itial concentration of propyne and 
its concentration a t tim e t, respectively, and a is the sum 
[allene] +  [propyne]. K  is the equilibrium  constant of the 
reaction.
R T  In K  is given by the difference in AFi° of the two iso

mers. This is however a very small difference between two 
big num bers, and the error in the calculated K  can be quite 
high. In fact, the  ratio [propyne]/[allene] observed a t the 
high tem perature shocks was no t equal to  the one calculat
ed from the difference in AFf° of the two isomers although 
equilibrium  has been attained  in the shock tube. I t was 
considerably smaller. T he purpose in studying the propyne 
—► allene direction was the  evaluation of the equilibrium  
constan t from the ratio  of the rate  constants of the forward 
and backward reactions.

In Figure 3 a p lo t of log k(pt vs. 1 IT for groups of shocks 
5P, 6 P , and 7P is shown. I t is hard  to  decide whether the 
low-pressure points are really below the high-pressure ones 
because of the relatively high scatter in the data. T he best 
line which connects the high-pressure data  points is clearly 
below the one which appears in Figure 1. From  the vertical 
distance between the lines one can calculate the equilibri
um  constant of the allene propyne conversion. The dis-

TABLE III: Cracking Pattern of Propyne“ (a) and the 
Mass Spectrum of Propyne(b) Obtained from a Shocked 
Mixture of 1% CD2=C=C D2 and 1% CH2=C=CH 2 
in Argon (T5 = 1190°K)
a. Ion Parent

Re i in - 1
tensity

b. m/e  44
Intensity 0

0 Reference 8.

- n  -2H -3H -4H
f\ =  0.92 f2 =  0.36 f3=  0.28 / 4 =

0.09
43 42 41 40 39
78 27 45 100 110

tance corresponds to  a value of 2.3 for K eq. T he h ea t of 
reaction is rather small ( ~ 2  kcal/m ol) and it is impossible 
to  isolate changes in K  over the  tem perature range covered 
in th is .study because of the  high activation energy (~60 
kcal/r§bl). We therefore used the value of 2.3 for K eq in our 
eq II oVer the entire range. This is acceptable as the  ra te  
constan t k is not very sensitive to  the  value of the  equilibri
um  constan t K  if the conversions are no t too high.

T he value of K  calculated from the  difference in AFf° of 
the  two isomers a t 1100°K is 3.45, considerably higher than  
the  value of 2.3 observed experim entally. In fact, 2.3 is 
roughly the ratio  of the two isomers observed in the gas 
chrom atograph from high-tem perature shocks where equi
librium  has been a ttained  in the shock tube.

C. Studies with Perdeuterioallene. T here are num ber of 
ways to  investigate whether a reaction is unim olecular or 
w hether it proceeds via another m echanism . T he easiest 
one is the isotope labeling of the reactan t and the exam ina
tion of th e  isotopic distribution  in the product. In the  al
lene — propyne isom erization, the  unim olecularity of the 
reaction can be examined by shocking a 50-50 m ixture of 
C H 2=- C = C H 9 and (JD2= C = C D 2. If  the formed propynes 
are unscram bled, i.e., only the CH 3  -C = C H  and CD3— 
C = C D  are present, the reaction is clearly unimolecular. On 
the  other hand, if C3 D 3 H and C3 H 3 D are observed then  ei
th e r isotope exchange reaction has occurred or the reaction 
is no t unimolecular. The tem peratu re dependence of the 
ex ten t of scrambling, if scram bling is indeed found, can 
help to  distinguish between these two possibilities.

T he mass spectrum  of the propyne formed in a m ixture 
of 1 % CD 2= C = C D 2  and 1 % CH 2 = C = C H 2  in argon a t T 5  

= 1190°K is shown in Table III. T he cracking p a tte rn  of 
the propyne8 molecule is also shown for the in te rp re tation  
of the spectrum . To our great surprise, no peak a t m/e 44 
(CD 3 —C = C D ) above the  C 0 2  background was observed, 
b u t a very intense peak a t m/e 43 (C3 D 3 H) showed up, as if 
the isom erization is no t unim olecular or a lot of isotope ex
change has occurred (in fact, more th an  the sym m etry 
would allow). On the other hand, very intense peaks a t m/e 
40 and 39, which indicate the presence of large quantities 
of CH 3 — C = C H  were observed as if the  isom erization is 
unimolecular. T he strange resu lt was explained when 1 % 
CD 2= C = C D 2  (in the absence of undeu terated  allene) was 
shocked and then analyzed in the GC-M S. Instead of the 
perdeuterated  propyne which should have been form ed and 
shown up a t m/e = 44, there was none a t th a t mass b u t in 
stead intense peaks appeared a t m/e 43 and 41. This be
havior was in terpreted  in view of the acidity of the  acetyle
nic hydrogen in the propyne. CD 3 —C = C D  behaves as a 
monobasic acid and exchanges one deuterium  atom  w ith 
the  water absorbed on the gas injection system of the 
GC-M S or on the walls of the ion source of the m ass spec
trom eter. The absence of a peak a t m/e 44 and the  appear-
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ance of one a t m/e 43 for propyne in the  shocked m ixture 
of 1 % CH2=C=CH2 and 1 % CD2=C =C D 2 is no indication 
of scram bling during the reaction.

When th is discrepancy has been cleared up, the mass 
spectrum  was analyzed in order to isolate the peak heights 
of C3 H 4 and C 3 H 3 D from the  contribu tion  of the cracking 
pa tte rn  of the  C3 D 3 H and to  exam ine the ratio  of these two 
substances. In  th e  analysis we have assum ed th a t m /e 42 
arises only from  the p a ren t ion C3 D 3 H by rem oval of the 
hydrogen and  th a t no double scram bling has occurred. 
(This assum ption is n o t critical b u t simplifies the  analysis.)

The ion which is produced, by the removal of one hydro
gen from the p aren t has an in tensity  of f\ = 0.92 relative to  
the paren t ion . 8  m/e 42 is the  ion produced by the  removal 
of H, and 41 by th e  rem oval of D. One can readily see in 
T able III th a t  the sum  of the  peak heights of th e  m /e 42 
and m /e 41, namely, 72 (in arb itra ry  units), is equal to  78 / 1 . 
Clearly, w ithin the  lim it of the experim ental accuracy all 
the  contribution  to  m /e 42 and 41 arise from the  paren t ion 
and there is no contribution  from the original C3 H 3 D or 
C3 D 2 H 2  ions. I t is in teresting  to  note th a t  the  ratio  (m/e 
41):(m /e 42) is not 3, as has been expected, b u t considera
bly smaller. I t seems th a t the  removal of the  acetylenic hy 
drogen (H C = C — ) is easier than  the rem oval of a hydrogen 
from the m ethyl group in the pyropyne ion.

m /e 40 and 39 have very intense peaks; the ir major p a rt 
is due to  the existence of C3 H 4 .

From  the evidence gathered here, nam ely, the  absence of 
C3 H 3 D and the  presence of a high in tensity  of C3 H 4 , one 
can conclude th a t the  propyne formed in the isom erization 
reaction is unscram bled.

D. The Mechanism of Isomerization. T here are in p rin 
ciple th ree  major reaction path s th a t can lead to  isom eriza
tion: ( 1 ) a unim olecular reaction:

/ //HN' \CH2=C=CH, —- [CH===C— -CHJ —  HC=C—CH;) 
(2 ) a bimolecular four-center isomerization:

CH2=C=CHo

cd_,=c= cd2

rCH===C---CH.,“|
I t '
H D
I . . . .  I

LCD,----- C===CD J

HC=C— CH2D 

CD2H—C^CD

(3 ) isomerization via free-radical reactions:

CH2= C = C H 2 — ► CH2= C = C H  + H

CH2= C = C H  ^  CH2—C=CH

CH2—C=CH + RD — ► CH2D—C=CH + R '

The experimental results described in the previous sec
tion indicate that mechanism 1  is operative to the largest 
extent and that there is very little contribution, if any, 
from the reaction paths 2 and 3. Unit reaction order with 
respect to the allene (Figure 1 ), clearly shows that the reac
tion is not bimolecular and that the isomerization does not 
proceed via the formation of a four-center dimer. In addi
tion, mechanism 2  should have produced scrambled pro- 
pynes in a shocked mixture of C3l > 4  and C3H4. As has been 
shown, only unscrambled product  ̂were observed. Mecha
nism 3 can also be ruled out on the basis of the extent of 
decomposition which accompanies the isomerization, in ad
dition to the results of the isotope distribution studies. The 
production of free radicals in the system can lead to the 
production of other substances. The free radicals such as 
CH2= C = C H  and CH2—C=CH can undergo unimolecular 
decomposition as many C3  free radicals do,9 and thus pro
duce a variety of decomposition products. It has been 
shown in the experimental section that even at the highest 
temperatures, where close to 30% of the allene has isomer - 
ized, the overall extent of decomposition did not exceed 
0.17% of the initial allene concentration. In addition, mech
anism 3 should have produced scrambled propynes which 
were not observed.

It is believed, therefore, that the allene —*■ propyne isom
erization is a unimolecular reaction.
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A low-pressure flame fueled with CS and O2 is reported. The CS-O2 mixture is hypergolic at room temper
ature and exhibits the characteristics of a branched chain reaction. Measurements of the velocity and tem
perature of the flame are reported, and a discussion of the probable chemistry based on the observations of 
the stable end products of the flame is included. In a separate experiment, the absolute rate of the bimolec- 
ular reaction between CS and O2 was measured. The dominant reaction path produces OCS and 0  and has 
a rate constant of 2.7 ± 1 X 106 cm3/mol sec at 293 K.

I. Introduction
Interest in the CO chemical laser2 has prompted us to 

consider the chemistry of the CS2- 0 2 system. Although the 
basic reaction sequence responsible for vibrationally excit
ed CO in the chemical laser is well understood, the detailed 
chemistry of this system is complicated by the multitude of 
possible reactions.3’4 Many of the rates for the reactions in 
which short-lived species, such as CS and SO, participate 
are unknown because of the difficulty in handling these re
active molecules. The CS chemistry becomes critical if the 
CO chemical laser is fueled with CS, which has many ad
vantages over CS2-fueled systems.5 For this reason and be
cause of conflicting reports6-8 about the rate of the reaction 
between CS and 0 2, we have investigated the reactivity of 
CS with 0 2.

The two possible paths for the reaction are
CS + 0 2^0 C S  + 0  (X)
CS + 0 2 — SO + CO (2)

If reaction 2 was fast enough to compete with the laser 
pumping reaction4

CS + 0 -*C 0 *  + S (3)
it would be necessary to include it in explanations of the 
chemical sequence responsible for the production of CO in 
the chemical laser. If reaction 1 was fast, it might be an im
portant source of 0  for reaction 3 and permit experimental 
scaling of the CO laser. The rate for the direct reaction has 
been determined to be too slow to provide the needed 0  in 
an homogeneous mixture; however, a chain reaction process 
leading to the chain consumption of CS has been observed 
under the proper conditions. The laser pumping reaction is 
believed to be a major step in this chain which produces a 
flame characterized by a white chemiluminescence and CO, 
S02, OCS, and S20  as end products.

The fast-flow reactor method of measuring a bimolecular 
rate constant was used to determine the rate of reaction 1 
under dilute conditions. The method consists of monitoring 
changes in concentration of one of the molecules in a flow 
stream as the injection point of the second molecule is var
ied.

II. E xperim ental Section
Reaction Rate. The CS molecule is not short-lived be

cause it is unstable, but because of a heterogeneous wall

reaction that produces CS2 and solid carbon at the wall.9 
Nevertheless, this reaction is slow enough that CS can be 
propagated downstream in a conventional fast-flow reactor.

The apparatus used to measure the rate of reaction 1 is 
illustrated in Figure 1. The CS was obtained from the dis
sociation of CS2 which was injected into the positive col
umn of an Ar dc discharge. Solid products and excess CS2 
were removed from the flow stream by an ethanol slurry 
trap. The wall reaction mentioned above produces CS2 
from CS so that at the detection point in these experiments 
the CS to CS2 ratio was about six.

Instead of a movable injector, a two-point injector was 
used. Care was taken to ensure that the two flow paths and 
injectors were identical in every respect. Ar could be intro
duced into the flow stream to experimentally verify that no 
aerodynamic effects were present as a result of differences 
in the injectors. In addition, the 0 2 mass spectrometer out
put signals were compared for the two injectors with Ar 
flowing in the main reactor to verify that the resultant con
centration of 0 2 was the same for the two injection points. 
Instabilities in the CS concentration associated with a 
movable injector were eliminated by this two-port injector.

The temperature-controlled reaction region consisted of 
a 55-mm diameter Pyrex tube wrapped with heating tape 
and insulation. Copper-constantan thermocouples were 
used to monitor the temperature. The detection apparatus 
consisted of a quadrupole mass spectrometer (Uthe Tech
nology 100C) with a sampling tube having a 0.01-mm ori
fice.

A 300-cfm rotary vacuum pump (Stokes 412H) main
tained the flow. This very slow reaction required the pump 
to be throttled, since flow velocities only of the order of 100 
cm/sec were required.

Gas flows were controlled with needle valves and the 
flow rates determined from precalibrated rotameter flow 
meters (Matheson 600 series). The CS2 was distilled and 
degassed before use. Research grade 0 2 (99.996%, Mathe
son) and high-purity Ar (99.998%, Air Products) were used 
in the experiments. The pressure at various points in the 
system was monitored with a capacitance manometer 
(MKS Type 144).

CS-O2 Flame. The apparatus used to observe the CS-02 
flame is illustrated in Figure 2. With this apparatus the 
flame can be operated as either a premixed or diffusion 
flame depending on whether the 0 2 is injected at point A or
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Fit ure 1. The fast flow reactor apparatus used to measure the rate 
of :he reaction of CS w"th 0 2.

Figure 2. Apparatus used to observe the CS-02 flame.

B. Also, the ambient pressure and/or the diffusion atmo
sphere of the flame can be controlled by injecting gases 
sue h as Ar at point B. Both the nozzle burner position and 
the Oo injection point A are adjustable by means of O-ring 
fittings.

r!'he CS2, Ar, and O9 flows were controlled by needle 
values and the flow rates determined from precalibrated 
flow meters (Matheson 600 series), which are not depicted. 
Th; CS/CS2 ratio and thus the CS yield from the discharge 
were determined from the 44 and 76 mass peaks observed 
with the previously calibrated quadrupole mass spectrome
ter Concentration ratios of the end products of the flame 
to I he Ar diluent were also determined with the mass spec
trometer. Calibration of the mass spectrometer was per
formed by comparing the signals obtained from mixtures of 
merered flows of Ar and each of the stable gases under flow 
conditions similar to those used for the flame. The calibra
tion factor for the unstable species S2O was interpolated 
from a plot of the calibration factors against mass number. 
The calibration factor for CS was measured directly by the 
pro :edure cf ref 9. Pressure in the combustion chamber 
was monitored with the capacitance manometer.

The backing pressure for the CS2 vapor was provided by 
reagent grade liquid CS2 held at 20° by means of a water 
bath. Ultrapure Oo (99.994%, Air Products) and high-pu
rity Ar (99.998%, Air Products) were used in the study of 
the lame.

The temperature of the flame was determined by moni
toring a chromel-alumel thermocouple which was encased 
in a quartz envelope to prevent catalytic heating due to 
atom recombination at the metal surface.

Survey optical spectra of the flame were taken through a 
quaitz window (not shown) with a Jarrell-Ash 0.25-m Ebert 
mon ochromator.

Electron spin resonance (ESR) spectra were taken in the

2.5-cm section downstream from the combustion chamber 
with a modified Varian V-4502 spectrometer (not shown).

R esu lts

Reaction Rate. The ratio of the reaction rates for (1) and
(2) should be nearly proportional to the concentration of 
OCS and S02 observed, since any SO from reaction 2, pro
vided it is not lost to the walls, will be converted to SO2 
through the reaction

SO + 0 2 —*■ SO2 + O (4)

at the flow rates employed. The fate of SO produced by 
reaction 2 is critical, however, since it can also react with 
CS to produce OCS

r- CS+.-SO — OCS + S (5)

thereby tending to negate the above analysis. However, if 
reaction 5 was the source of OCS observed in the flow 
stream, the OCS to SO2 ratio would depend on the ratio of 
the reactants, CS and O2. The dominant reaction path was 
determined from an examination of the percentages of the 
product species found in the flow stream. Approximately 
equal molar percentages of CO and OCS were present 
whereas the percentage of SO2 was an order of magnitude 
lower. These percentages were found to be independent of 
the initial concentration ratio of CS to O2 and are therefore 
most easily explained by assuming that reaction 1 is the 
dominant path. It is concluded that reaction 1 dominates 
reaction 2 by at least an order of magnitude.

The observation of comparable concentrations of CO and 
OCS is consistent with this analysis, since O from reaction 
1 will react with CS through the fast reaction 3 to form CO 
and S. Since O2 makes up a small percentage of the total 
flow, most of the S from reaction 3 will be lost to the walls, 
although it cannot be determined whether the SO2 ob
served in the flow stream results from the SO of reaction 2 
or the SO from the relatively fast reaction

S + O2 *  SO + O (6)

Westenberg and de Haas10 have considered the case 
where one of the participating reactants is removed by a 
wall reaction other than the reaction of interest. Based on 
their results, the expression relating the kinetic rate con
stant k of reaction 1 to measurable parameters in a fast- 
flow reactor is

lnHCSMCSluci-ol-MOili (7)
where [CS], is the concentration of CS measured at the de
tector with O2 flowing, [CS],qo2]=o is the concentration 
measured at the detector with the O2 flow off, [02] is the 
concentration of 0 2 in the flow stream, and t is the time re
quired for the molecule to reach the detector from the in
jector. If the time of the interaction is varied by moving the 
injector, k can be determined from a plot of t vs. In [[CS],/ 
CS], |o2l=ol for a particular [O2].

Some of the assumptions implicit in this analysis are: (1) 
the CS concentration does not vary appreciably in the reac
tor; (2) mixing at the injector is instantaneous; and (3) the 
pressure drops sufficiently at the sampling tube so that the 
reaction effectively stops.

With the two-port injector, expression 7 becomes
In j[CS]b/[CS]a( = &[02]Af (8)

v/here [CS]a and [CS]b are the concentrations of CS detect
ed at the probe with 0 2 injected alternately from the two
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TABLE I: Experim ental Param eters Used in the M easurem ent of the Rate
of the Reaction CS  + O 2 —1► O C S  + O at 293 and 500°K (Ax = 50.8 cm)

Temp, K
P re ssu re , Velocity , 

T o r r  cm /sec

Concn x 108 m o l/cm 3

k, cm 3 'mol sec[Ar] [o2] [CS] A[OCS]

293 ± 2 1.58 98 5.0 3.2 1.00 5.3 x IO’ 3 3.1 x 105
293 1.30 80 4.8 1.5 1.24 4.1 x 10'3 3.3 x 105
293 0.922 100 3.8 0.5 1.00 5.6 x 10'4 4.1 x 105
293 0.982 94 3.8 0.5 1.5 5.8 x 10'4 3.6 x 105
293 0.707 96 2.2 1.4 0.5 5.0 x IO '4 1.4 x 105
293 0.976 70 2.9 2.0 0.77 1.3 x 10'3 1.1 x 105
293 0.381 686 1.7 0.25 0.27 2.1 x 10‘5 4.0 x 105
293 0.440 250 0.89 1.35 0.33 2.3 x 10'5 1.7 x 105
293 0.380 460 1.15 0.87 0.40 1.7 x 10'5 2.1 x 105
293 0.467 514 1.85 . 0.78 0.41 1.9 x IO-5 2.2 x 105
293 ± 2 2.7 ± 1.0 x 105
498 ± 5 1.25 189 3.0 3.0 0.72 2.0 x 10‘2 3.4 x 10G
498 0.830 804 2.9 1.4 0.29 1.1 x IO"3 X O

493 ± 5 0.721 510 2.2 1.1 0.54 2.5 x 10'3 2.1 x 10|;
493 0.783 458 2.6 1.4 0.32 2.2 x IO’ 3 4.4 x 10e
495 ± 5 3.6 ± 0.8 x 10s

290-500 k =  A  exp( -E /R T )- leg A  = 8.2 ± 0.5; E = 3.7 ± 0.9 keal/m ol 1.5 x 108 x
exp(—3700/ñT)

injectors,,a and b (see Figure 1), and At is the difference in 
transit time for the two injectors. In these experiments, 
data were taken for a series of O2 concentrations and flow 
rates to verify that eq 8 is linear and to determine k.

The rate of reaction 1 is so slow that changes in CS con
centration were found to be outside the detection limits of 
the mass spectrometer. For this reason it was necessary to 
infer the changes in CS concentration from changes in con
centration of the product species OCS. The rate constant 
was measured at two temperatures, and the results for 
these temperatures are listed in Table I. The Arrhenius 
form of the rate constant based on only these two measurer 
ments is also included in Table I for completeness; how
ever, the applicability of the Arrhenius form is limited in 
this case and should not be employed outside the range in
dicated. The error limits listed in Table I are an indication 
of the reproducibility of the data and do not take into ac
count systematic errors such as other OCS production or 
destruction reactions. The two reactions most likely are 
reaction 5 and

OCS + O — CO + SO (9)

Reaction 5 would tend to increase k artificially but should 
be unimportant if reaction 1 is dominant. Reaction 9 is also 
expected to be negligible, since the fast reaction 3 will ex
tract all O from the flow stream when the CS concentration 
appreciably exceeds that of OCS.

CS-02 Flame. The flame ignites spontaneously at room 
temperature as 0 2 is added to the CS flow when the con
centrations are of the order of [CS] = 0.015 amol/cm3 and 
[O2] = 0.050 gmol/cm3. A white glow region with a cone- 
shaped flame front is then observed extending from the 
nozzle burner (see Figure 3). The remainder of the reactor 
fills with the familiar SO2 blue chemiluminescence as the 
O2/CS ratio is increased beyond 1.5. Under these condi
tions the principal products of the flame are CO, SO2, and 
S2O, and the temperature of the flame is measured to be 
near 600° for a reactor pressure of 4 Torr and an O2/CS 
ratio of 5. The temperature of a CS2/O2 flame in the same

3 V
Figure 3. Schematic representation of the premixed flame front ob
served under oxygen-rich conditions.

apparatus under similar flow conditions was found to be 
1100°.

With O2/CS ~  1, in addition to the white luminescent 
flame front, a diffuse white glow fills the reactor and the 
blue SO2 chemiluminescence is not observed, although S02 
is observed among the end products. Comparable quan
tities of OCS and traces of S2O are also found among the 
end products. These results are summarized in Table II. 
The final product ratios depend strongly on the CS/CS2 
ratio obtained from the discharge, which varies with time 
as the discharge tube fills with solid deposits. The concen
tration profile of the flame in Table II is meant to be repre
sentative, since the reproducibility of these data was no 
better than 20% from day to day. It is important to note, 
however, that the concentration of the CO product in
creases only moderately from 0 2 -lean to CU-rich conditions.

The temperature recorded by the chromel-alumel ther
mocouple inserted at the CS-O2 flame tip is shown in Fig
ure 4 as a function of 0 2 flow. The recorded temperature 
was relatively insensitive to changes (50-150 amol/sec) in 
the Ar flow. At high pressure and high 0 2 flow rates (~5 
Torr, ~500 amol/sec), red streamers emerge from the flame 
front. Whether these are molecular-size luminescent parti
cles or larger particles emitting black-body radiation is not
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TABLE II: F low  R ates of the In itia l and F in al Species for the C S-O 2  F lam e Expressed in ¿¿mol/sec“

In itia l F ina l

c s  o 2 c s 2 c o  s o 2 o c s  s 2o  c s  c s 2 o 2

45 60 10 35 15
45 190 10 45 45

r The Ar flow is 60 ¿¿mol/sec in both cases.

10 3
5

5 5 10
120

Ficjjre 4. The temperature of the CS-02 flame as a function of 0 2 
flow. The CS flow rate was 45 pmol/sec.

clear, although 6328-A radiation from a He-Ne laser is not 
visibly scattered in passing through this zone.

Despite the low mass flows a well-defined cone-shaped 
flame front was clearly visible for the CS-O2 premixed 
flame (see Figure 3). The Gouy method11 could therefore 
be employed to determine the approximate flame velocity 
as a function of O2 flow rate for a series of O2 and Ar dilu
ent ratios. An indication of the effect of the Ar diluent on 
the measured flame velocity is illustrated in Figure 5. The 
CS2-O2 flame in our apparatus did not have a well-defined 
cone from which a flame velocity could be measured, but 
the velocity for this flame was estimated to be an order of 
magnitude smaller than that for the CS-O2 flame by a 
comparison of the areas of the two flames.

The optical survey yielded four distinguishable spectra: - 
intense CS (A1!! —* X1̂ )  bands with their intensity peak
ing at O2/CS ratios near 3, weak C2 Swan bands (A3I1 —*• 
X ’ll) observed under oxygen-rich conditions, a broad in
tense peak from 275C to 4300 A from the S02 blue chemilu
minescence, and a weak flat continuum from 3600 to 5600 
A associated with the white chemiluminescence distin
guishable under oxygen-lean conditions when the S02 blue 
chemiluminescence was not present.

The presence of 0 in the blue chemiluminescence was 
confirmed by observation of the ESR spectra of the 3Pi and 
3Pi states of 0  downstream from the combustion chamber. 
Comparison with the 0 2 spectrum indicated that the O 
concentration was 3-5% of the O2 concentration.

Finally, the same white chemiluminescence observed in 
the flame is observed when Ar is passed through a micro- 
wav« discharge and introduced at point A in the absence of
0 2.

IV. D iscussion

The possibility of some active species from the CS2-Ar 
discharge, such as Ar (3Pi), playing a role in the ignition of 
the flame, for example, by the dissociation12 of 0 2, was ex- 
cluced by running the flame with purified CS obtained by 
inserting an ethanol slurry (156 K) cold trap in the CS 
stream.

T ne most likely initiating reaction is reaction 1. Al
though the rate of this reaction was found to be slow at

C>2 flow rate (pmoles/s)

Figure 5. The flame velocity Su.for the premixed CS-02 flame as a 
function of 0 2 flow rate and consequently CS-02 concentration ra
tios for a series of 02-Ar mixtures. The CS flow rate was 45 ¿¿mol/ 
sec in each case. The upturn in the flame velocity for low 0 2 flow 
rates is artificial (see text).

room temperature, the production of O by reaction 1 
should be sufficient to initiate a chain of the following se
quence:

CS + O -►  CO* + S; (3)

S + 0 2 '  SO + 0-\ (6)

SO + CS ^  OCS + S (5)

SO + 0 2 — S02 + O (4)

Each of these reactions returns one of the chain carriers 
S or O to the mixture. Reactions 3 and 6 are well-known 
features of the CO chemical laser reaction sequence and are 
relatively fast. As noted previously, most of the CS, even 
under 0 2-lean conditions, is converted to CO apparently 
through reaction 3. Although (4) and (5) are expected to be 
slow, they are the most likely reactions to provide chain 
branching and the end products OCS and S02 which are 
observed under stoichiometric conditions. Without excess 
oxygen, some of the sulfur is eventually lost to the walls, 
since sulfur deposits accumulate downstream on the wall 
under 02-lean conditions. Loss of chain carriers to the walls 
apparently prevents preignition in the 25-mm nozzle tube.

If 0 2 is in excess, the O concentration builds up suffi
ciently to consume the remaining OCS and CS2 through 
reactions 9 and

CS2 + O — CS + SO (10)

Tnese reactions return the chain branching species SO to 
the mixture, and the reaction

SO + O + M  — S02* + M  (11)

produces the familiar blue chemiluminescence observed in 
sulfur oxidation reactions. Under these conditions most of 
the sulfur is converted to S02 through one or the other of 
the reaction paths since no solid wall deposits are observed. 
In fact, the oxygen-rich flame will consume any deposits
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previously accumulated on the walls from the oxygen-lean 
flame. These deposits apparently incorporate some oxides 
of sulfur, since a deficiency in the molar concentration of 
oxygen is always observed in the gas phase for the oxygen- 
lean flames.

The origin of the S20  is somewhat more speculative but 
can be accounted for by three-body reactions such as

SO + S + M  — S2 O + M  (12)

The S2O is either converted to S02 or lost to the walls 
downstream, since it is not found as a product downstream 
under oxygen-rich conditions.

The enthalpy of the product gases in the CS -02 flame 
based on the thermocouple reading is a factor of 2 less than 
the calculated exothermicity of the reaction sequence pos
tulated for the flame. All calculable heat sinks were consid
ered in an attempt to remove this discrepancy. Such effects 
as heat conduction along the thermocouple leads and con
duction to the walls were included in the analysis. Incom
plete combustion and unknown heat losses such as conduc
tion to the burner probably account for a major portion of 
the temperature discrepancy. It is well known, however, 
that approximately 50% of the energy of reaction 3 enters 
the long-lived vibrational states of CO rather than the 
translational energy states.13-14 The low temperature re
corded by the thermocouple could therefore be an indica
tion that vibrationally excited CO is present and is not 
deactivated by the product gases of the flame.

The fact that a well-defined flame front can be main
tained at such low concentrations and pressures indicates 
that the radical concentration is relatively high in the 
CS--O2 flame compared with hydrocarbon flames. The high 
flame velocities measured for this flame also support this 
view. High radical concentrations would be expected from 
the branched chain reaction sequence previously discussed, 
since each of the reaction steps returns either a sulfur or an 
oxygen atom to the gas mixture.

The white chemiluminescence may arise from the ioniza
tion of CS, although attempts to determine whether ions 
are present in the flame were unsuccessful; the presence of 
excited CS and C2 indicate that energies of 4 eV are avail
able from reactions in the flame. Although no attempt to 
determine concentrations of these excited species was 
made, they are probably present in extremely .ow concen
tration and could be the result of three body recombination 
reactions such as

CS + O + 0 — CS* + 0 2 (13)

CO* + O + O — CO + CC (14)

CS + 0 + 0  — C + SO2 (15)

where the asterisk indicates an excited species. The CS 
(A'll —*■ X!S+) bands have been previously ooserved13 in 
0 2-lean CS2- 0 2 flames and (a3n —► X]S+) bands from in
teractions between CS2 and Ar (3P 1 ) metastable atoms.16

A great many other gas-phase reactions in addition to 
those listed are possible in this complicated system, but (3) 
through (6) will dominate for 0 2-rich mixtures. Under 02- 
lean conditions, as the flame becomes more diffuse, hetero
geneous reactions at the wall undoubtedly are important, 
however. Under these conditions, a major source of chain 
termination probably involves the loss of sulfur to the 
walls. In this connection, it should be mentioned that the 
upturn in flame velocity shown in Figure 5 for 0 2-lean con
ditions is artificial and is a result of the breakdown in the

Guoy m ethod as the flame front becomes diffuse rather 
th an  a real increase in velocity.

A lthough the basic chem istry of th e  C S -0 2 flam e is sim i
lar in m any respects to th a t postu lated  for the CS2- 0 2 
flam e,17 it differs in several im portan t aspects. F irst, the 
chem istry of the CS2- 0 2 flame is com plicated by the con
version of the CS2 to CS through reaction 10. This reaction 
is slower th an  reaction 3 and is expected to retard the over
all reaction as well as add its exotherm icity to the gases and 
thereby  raise the flame tem perature. The increases in tem 
pera tu re  observed as the oxygen concentration is increased 
and the  CS2 is consumed in the CS-CS2 mixed fuel flame 
are undoubtedly caused by th is reaction and the highly 
exotherm ic reaction 11. Secondly, the low concentration of 
CS in the CS2- 0 2 flame is expected to inhibit reaction 5 
and explains the relative ratios of OCS to S 0 2 observed in 
the  final products of the two d ifferent flames. Together, 
these im portan t differences in the chem istry of the  two 
flam es reduce the radical concentration in the CS2- 0 2 
flame which lowers the velocity of th is flame. Finally, the 
self-ignition tem perature of the C S -0 2 flame is lower than 
th a t  of the  CS2- 0 2 flame since reaction 1 is available to :he 
C S -0 2 flame and not to the CS2- 0 2 flame.

C onclusions

The characteristics of a flame fueled with CS and 0 2 
have been presented. T he chem istry postu lated  on the 
basis of the end products observed for the flame indicates 
th a t the CO laser pum ping reaction is a major step  in the 
chain reaction sequence for the flame. The low tem perature 
m easured for th is flame may be a consequence of the fact 
th a t more than  50% of the energy from reaction 3 goes into 
producing vibrationally excited CO. If this is the case, the 
low -tem perature product gases of the C S -0 2 flame should 
no t prom ote CO vibrational deactivation, and the efficien
cy of a laser based on the C S -0 2 flame should be greater 

* th an  th a t of the laser reported for the CS2- 0 2 flam e.18
The-m easured rate  for reaction 1 is so slow th a t it should 

be unim portant to the chem istry of the CS2- 0 2 system. 
Chain consum ption of CS sim ilar to  th a t found in high con
centration  CS-0'2 m ixtures was probably responsible for 
the reported fast reaction between CS and 0 2. In fact, evi
dence of chain consum ption as well as increased CS loss 
rate  a t high tem peratures even in low concentration reac
ta n t stream s precluded additional reliable m easurem ents 
of k for tem peratures higher than  500 K.
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An Equation Describing the Rate of the Photochemical Reaction of a Bulk Powdered 

Sample
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P u b l ic a t io n  c o s t s  a s s is t e d  b y  t h e  U n iv e r s i t y  o f  N a t a l

An equation is derived which describes the rate of the photochem ical reaction of an infinitely thick pow
dered sample. The equation is expressed in term s of the sam ple diffuse reflectance which is the m ost con
veniently m easured param eter for following the ex ten t of the photochemical reaction of a powder. The 
equation is applied to experim ental results for the photochem ical reaction of powdered K ;![M n(C 2 0 4 );il. 
3HoO.

Introduction
A large num ber of solid-state photochem ical reactions 

have been studied and the studies have been reviewed.1 
M ost of the studies, however, have been concerned with the 
determ ination of reaction stoichiometries. Few quantum  
yield determ inations have been made. The major reason for 
this is th a t the study of solid-state photochem ical reactions 
is com plicated by the fact th a t the diffusion of solid photo
products is restricted and hence a concentration gradient is 
created in the sam ple by the photochemical reaction.

Equations have been derived which describe the rate of 
the photochemical reaction of a sample with slab geome
try .2 4 These equations appear to  be applicable for the de
term ination  of quantum  yield values of solid-state photo
chemical reactions. Equations have also been derived 
which describe the rate of the photochemical reaction of a 
th in  powdered layer.'' 7 M ost solid samples, however, are 
most conveniently handled in the form of bulk powdered 
samples. As yet, the most promising m ethod of studying 
photochem ical reactions of bulk powdered samples appears 
to  be reflectance spectroscopy. The technique has been a p 
plied to study a num ber of photochemical reactions in a 
qualitative m anner over the past few years.8 12 The theory 
of reflectance spectroscopy, however, has not been suffi
ciently developed to allow calculations of quantum  yield 
values from reflectance m easurem ents of powdered sam 
ples undergoing photochem ical reactions.

Recently, a model representing a powdered sample as a 
collection of uniformly sized rough-surfaced spherical p a r
ticles has been used to relate the reflectance of a bulk pow

dered sam ple to its fundam ental optical param eters.18-15 In 
this investigation, the same model is used to  derive an 
equation describing the rate of the photochem ical reaction 
o: a bulk powdered sam ple in term s of the sample reflec
tance as a function of time. Although several approxim a
tions are made in the derivation, the equation appears to 
have promise as a means of estim ating quantum  yield 
values of solid-state photochemical reactions from reflec
tance m easurem ents. The equation was applied to  experi
m ental results for the photochem ical reaction of 
K :![Mn(C20 4):,] • 3H20 .

Phenom enological D escription
Consider a powdered sample which can be considered as 

infinitely thick made up of substance, C, which reacts pho- 
tochemically to give product, P. The sample is illum inated 
w ith m onochrom atic radiation of intensity, 7o, a t the sam 
ple surface. The wavelength of the radiation is considered 
small com pared with the diam eters of the sample particles 
so th a t Rayleigh scattering can be ignored. Consider the ¿th 
particle located below the sample surface. The radiation in 
tensity  impinging on the it.h particle from the upward d i
rection is 7/ while tha t impinging on it from the downward 
direction is Jl + ¡. Hence, the rate of change of the num ber 
of moles, TV,, of C in the 7th particle due to photochemical 
reaction is given by

dAY/di =  - A ^ { h  + J M )ird7/4 (1)

where A,., is the fraction of the impinging radiation ab 
sorbed by C in the 7th particle, </> the quantum  yield, and (7,
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+ J 1+i) ird,2/4 the  total num ber of einsteins of radiation 
impinging on the ith  particle in un it time.

Since the concentration, C„ of C in the  ith  particle is 
given by

C { =  6N i/ndi3 (2)

eq 1 can be w ritten  as

d C j/d i  =  -AciW i  + J ul)(3/2)dr' (3)

I t has previously been shown714 th a t Ac, is given by

A ci =  AcC ,/C 0 =  (2/3)n2kdiC i/C 0 (4)

where n is th e  relative index of refraction (it is assum ed 
here th a t n remains relatively constan t throughout the 
reaction), k th e  absorption coefficient of C, and C0 the con
centration of C in pure solid C. Since Co is given by

C0 =  p / M  (5)

where p is the density of pure C and M  the molecular mass 
of C it is convenient to  express eq 4 in term s of the m olar 
absorption coefficient, t (in units of cm2/mol), where

k — zp/M  (6)

Combining eq 4, 5, and 6 gives

A ci =  (2/3)n2zdiC i (7)

and therefore eq 3 becomes

dCjdt =  ~4>zn2C i(Ii +  J i+1) (8)

If  the radiation returning from the ith  particle in the u p 
ward direction is J , and th a t returning from the ith  particle 
in the downward direction is / ,+ 1 , then  the following equa
tion may be w ritten:

V ,  + J M )( 1 -  A {) =  IM  + J t (9)

where A , is the to ta l fraction of impinging radiation ab 
sorbed by the ith  particle. Equation 9 states simply th a t 
the radiation impinging on the particle is equal to th a t re
turning from it except for th a t which is absorbed. The p a 
ram eter, A„  is the sum of the fraction of radiation absorbed 
by C and th a t absorbed by the product, P:

A { = A cC {/ C 0 + A p( 1 -  C J C 0)

^  (Ac -  Ap) C j /C 0 + A p 

S ubstitu ting  eq 10 into eq 9 and solving for C, gives

C,- =  [C0/{Ac -  Ap) ] i _  A  _  h*\ + Ji 
1 ’

(10)

( i l )

The reflectance, ft,, of the ith  particlle is given by

Ri =  Ji/h (12)

while the reflectance, ft,+ i, of the particle(s) directly below 
the ith  particle is given by

R i *  1 =  J m / I m  (13)
T he particle is assumed to be an ideal diffuser of rad ia

tion and hence the radiation returning from the particle in 
the upw ard direction is equal to  th a t returning from the 
particle in the downward direction:

I i *  i = J t  (14)
In order to express C, in term s of the reflectance, ft„ of 

the ith  particle, it is necessary to  make the assum ption th a t 
the difference in reflectance of two adjacent layers of p a rti
cles does not differ considerably, or th a t

R> R i *i (15)

This assum ption is only valid for weakly absorbing sam 
ples. Combining eq 11-15 gives

C, =  [C„/(A c -  Ap) ] ( l  -  A p -  2R t/{1 + Rp)) (16)

By m aking use of eq 12-15, the ra te  equation (eq 8) may 
be w ritten as

(17)dCi/dt =  0 e « 2C i/ i( l  + ft,.2) 

D ifferentiating eq 16 gives 

dC./dt =  [C0/(A c -  A p) ][—2 /(  1 +  R ¡2) +

4i?,-2/ ( l  + R i 2) 2! ^  (18)

Com bining eq 16-18, carrying out fundam ental algebraic 
operations, and separating the resulting equation for in te
gration gives

,Ri (1 -  Rj2) dR {
’■ l'Rc (1 + 7?i2)2L(l -  Ap) ( l  + i?A) -  2 « J  “

d)€«2f  dt (19)

where R c is the reflectance of pure C.
Finally, recognizing th a t only the reflectance value a t the 

sample surface is experim entally m easurable, eq 19 can be 
w ritten as

1
(1 -  R 2) dR

(1 + i?2)H (l -  A )(1 +  i i 2) -  2P.)
(bztrl0/ (20)

where R  is the reflectance of the surface particles.
By the m ethod of partial fractions, the integral in eq 20 

can be expressed as the sum of the following six integrals

(1 -  R 2) dR
’- h (1 + i?2)2((l -  Ap) ( 1 +  R 2) - 2R)

J i t t W  +3/-
R  dR

(1 -  A v) J
(1 +  R 2) 2 

R 2 dR  
(1 +  R 2) 2 S

(1 + R 2) 2 

R 3 d R
(1 + R 2) 2

(1 + 2A ^ p 2) J d R
(1 -  A ) (1 + R 2) 2 R

(1 -  A •>/
R  d R

(1 -  A )(1 + R 2) 2 R

each of which can be evaluated to give

g(R) -  g(Rc) =  c p o r l 0/

(21)

(22)
w here  

g (R) =

lln
1 + R 

1 + R 2

ï + (1 -  Ap) t a n '1 R  +

1
L(1 -  Ap) ( l  + R 2) -  2R_ 

(1 -  A A R  - 1In

+  A 2 A P -  A 2)

(2A„ -  A 211/2 "I

-P / -

(23)
( 1  -  A p) P  -  1  +  ( 2 A P -  A ^ .

Hence, a plot of g{R) vs. t should be a straight line with a 
slope of 4>cn'2]o so th a t if e, n, and I0 are known, the value 
of 4> can be determ ined from such a plot.

The value of Ap can readily be calculated from the reflec
tance value, /?,„ of the pure photoproducts using the equa
tio n 14

(1 -  A )(1 + R 2) =  2ft (24)
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Figure 1. Plots o‘ g(R) vs. t for the photochemical reaction of 
K3[Mn(C204)3] • 3H20: (A) 400 nm O, k = 104 X 10“ 8; • , fc = 
1.64 X 10-8; (B) 350 nm O, fc = 1.11 X 10“ s; • .  k = 1.67 X
10~8.

E xperim ental Section
The equation obtained in this investigation was tested 

by studying the solid-state photochem ical reaction of 
K 3[M n(C20 4)3] • 3H 20  which has been previously s tu d 
ied.6-8 T he deep red colored manganese complex undergoes 
the following reaction on exposure to ultraviolet radiation:8
2K3lMn(C20 4y * 3 H 20  — *-

2K,lMn(C20 4)j] + 2COo + 6H ,0 + K2C ,0 4 (25) 
The m aterial used was the same as th a t used in a previous 
investigation. Finely ground samples of the com pound were 
pressed into a sample holder so th a t the sample thickness 
was several millim eters and could therefore be considered 
as infinitely thick. The sample was then illum inated with 
m onochrom atic light from a Bausch and Lomb m onochro
m ator equipped with a m ercury lamp source. A Ys; K ette r
ing Model 65 radiom eter was used to m easure the radiation 
intensity. The intensity  was varied by simply changing the 
distance between the sample and the m onochrom ator. D ur
ing a photolysis experim ent, the sample was removed peri
odically a t m easured tim e intervals and the diffuse reflec
tance of the sample obtained a t the same wavelength as 
th a t of the illum inating light by the use of a Beckman DK- 
2A spectroreflectom eter. M agnesium oxide was used as the 
reference material. Photochemical reactions were carried 
out a t 350 and 400 nm since there is a sizeable change in 
the reflectance values during the reaction and the charge 
transfer band of the complex extends far enough into the 
visible region th a t the reaction occurs reasonably rapidly at 
these two wavelengths.

R esults

Figure 1 illustrates plots of g(R) vs. t for the solid-state 
photochemical reaction of K 3 [Mn(C 2 0 4 )3] • 3H 20  a t 350

TABLE I: D ata for the P hotochem ical R eaction  of 
K3[M n(C20 4)3]-3H20

I,,, e in ste ir  ' o f ,  <b, m o l/
c n f  sec o o f / ,  s e c '1 cn v /m o l einste in

A 40C1 nm
1.04 X 10 '8 0 .70 X IO'3 1.0 X 10 s 0.41
1.64 X 10 '8 l .12 X IO'3 1.0 X 103 0.40
A 350 nm
1.11 X IO'3 i .66 X 10'3 4.9 X 103 0.13
1.67 X 10"3 3 .34 X 10'3 4.9 X 10:’ 0.12

and 400 nm  and d ifferent radiation in tensities. T h e  curves 
Figure 1 are reasonably linear although there appears to be 
some deviations from linearity  a t higher reaction times. 
These derivations are undoubtedly  due to  the num erous as
sum ptions and approxim ations made in the derivation of 
eq 22. From  the slopes of the curves in Figure 1, the values 
of 4>tn2lo were obtained and are listed in Table I. Previous 
m easurem ents6 7 give a value for tn2 for K 3[M n(C20 4)3] • 
3H 20  a t 400 nm of about 105 cm 2/mol and an aqueous so

lution value16 for t of 5.1 X 104 cm2/mol. If it is assum ed 
th a t e is independent of the sta te  of the  system, then  the 
value for n of 1 4 is obtained. A value of 2.5 X 105 cm 2/m ol 
for t a t 350 nm has previously been ob ta in ed 16 for aqueous 
solutions of K3[M n(C20 4)3] • 3H 20 . Hence, a t 350 nm, tn2 
=  4.9 X 105 cm2/mol. Using these values for tn2, the q uan 
tum  yields for the solid-state photochem ical reaction of 
K3[M n(C20 4)3] • 3H 20  were calculated and are listed in 
Table I.

The quantum  yield values listed in Table I can be con
sidered as no more than  rough approxim ations because of 
the assum ptions and approxim ations made in the deriva
tion of the photochem ical rate  equation for bulk powdered 
samples. However, the values are reasonable and, in fact, 
the values a t 400 nm are reasonably close to  those previous
ly obtained6 (0.47-0.63) from studies of the photochemical 
reaction of th in  powdered layers of K 3[Mn(C20 4)3] • 3H 20 . 
Furtherm ore, the quantum  yield values listed in Table I 
are not greatly cifferen t from those ob ta ined17 for the pho
tochemical reaction of K3[Mn(C20 4)3] • 3H 20  in aqueous 
solutions (about 0.3 a t 350 nm and about 0.5 a t 400 nm).

D iscussion
The quantum  yield values of only a few solid-state pho

tochemical reactions have been determ ined. Since the 
mechanisms of solid-state reactions are expected in general 
to be d ifferent from those of the corresponding reactions in 
aqueous solutions and since the quantum  yield can tell 
much concerning the mechanism of a photochemical reac
tion, it is im portant to  be able to  determ ine reliable q uan 
tum  yield values for solid-state photochemical reactions. 
Furtherm ore, since m ost solids are m ost conveniently han 
dled in the form of bulk powdered samples and since reflec
tance spectroscopy is a convenient technique for following 
the extent of the reaction of a powdered sample, it is conve
n ient to be able to determ ine quantum  yield values from 
reflectance measurem ents.

Because of the com plicated nature of the interaction of 
light with a powder, the equations derived in th is investiga
tion necessarily involve several assum ptions and approxi
m ations. They ars only valid for samples which can be con
sidered infinitely thick, which ideally diffuse radiation, and 
which contain particles whose diam eters are large com
pared to the wavelength of the radiation. The equation de
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rived is based on a one-dim ensional model of the particle 
array and is only an approxim ation of the three-dim ension
al real powdered sample. D espite the undesirability  of 
making so large a num ber of assum ptions and approxim a
tions, the linearity  of the plots in Figure 1 and the not u n 
reasonable order of m agnitude values of the calculated 
quantum  yields obtained indicates th a t the theory outlined 
here m ay be used to  estim ate quantum  yield values from 
reflectance m easurem ents. Considerable theoretical refine
m ents and developments are, however, undoubtedly  neces
sary for more accurate work.
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The effect of the substituen ts F, Cl, CH 3 , OCH3, and C = N  on the molecular electron affinities (EA) of 
benzaldehyde and acetophenone were m easured experim entally. The substituen ts F, Cl, and CF 3  increase 
the EA in th e  order CF 3  > Cl >  F whereas CH 3  lowers the EA. Hückel param eters for the substituen ts 
C = 0 ,  CH 3, F, and Cl were calculated using a general least-squares ad justm ent to  the  EA m easurem ents. 
The inductive and resonance param eters for a substituen t were highly correlated as revealed by the value 
of the correlation coefficients of 0.998 for F and 0.987 for Cl. It is suggested th a t th is high correlation is the 
reason for many of the wide variations in Hückel param eters reported by d ifferent investigators, regardless 
of the experim ental quan tity  being considered. This type of analysis can also be applied to  other semiem- 
pirical calculations involving em pirical param eters.

Introduction

A pulse sampling technique for the m easurem ent of m o
lecular electron affinities (EA) was developed several years 
ago . 1 2  T he technique is restricted  to  compounds which u n 
dergo nondissociative electron a ttachm ent and have an EA 
in the range 0.2-0 . 8  eV. The upper lim it of 0.8 or 0.9 eV can 
only be obtained with the 63Ni detector which can be oper
ated up to 350°.3 For some com pounds the negative molec
ular ion can dissociate into another negative ion and a rad i
cal, however, this occurs a t a higher tem perature and is d is
tinguished by its tem perature dependence . 4 “ 6  A recent re 
view discusses the various types of therm al electron a ttac h 
m ent mechanisms and their possible tem perature depen
dence.'

In th is paper we wish to investigate the effect of su b stit
uents on the molecular EA of various arom atic compounds. 
T he substituen ts F, Cl, CH3, CF3, OCH3, and C = N  on 
benzaldehyde, acetophenone, and 1 -chloronaphthalene 
were considered in th is study. Com pounds with these sub 

stituen ts all appear to  form a molecular negative ion for 
which the EA can be determ ined. The negative molecular 
ion of aromatics with the Cl substituen t dissociate into Cl-  
plus an arom atic radical b u t this occurs only at higher tem 
peratures (> 180°).4-6'7 More recent studies8  indicate th a t 
acetophenone or similar com pounds of the general s truc
ture A rC (= 0 )R  dissociate into (A rC (= 0 ))~  plus R-. How
ever, this also occurs only at higher tem peratures (>250°) 
which are accessible only with the 63Ni detector. These d is
sociations at higher tem peratures should not prohibit the 
determ ination of the EA of these com pounds at lower tem 
peratures.

Generally the effect of the substituen ts on the EA was in 
the direction which one would have expected from the 
chemical effects of these groups; e.g., F, Cl, and CF 3  in 
crease the EA whereas CH 3  lowers the EA of the paren t 
compound. In order to examine the substituen t effect more 
quantitatively, Hückel calculations were carried out. In 
ductive and resonance param eters for each of the su b stitu 
ents were calculated using the EA results. However, it is
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difficult to  establish  bo th  param eters accurately since they 
are highly correlated when utilizing solely EA values.

E xp erim en ta l S ection
T he electron aff n ity  determ inations were m ade using 

the pulse sam pling technique for the m easurem ent of elec
tron  a ttach m en t as a function of tem pera tu re . 2  Pulse p eri
ods of 1000 ¿¿sec w ith a pulse w idth of 0.5 ¿¿sec were used. 
An EC detector em ploying a tritium  foil was operated up to  
225° and to  as low a tem perature as perm itted  by the vola
tility  of the  com pound. All com pounds w ith the  exception 
of the th ree C l-substitu ted  com pounds were run  relative to 
acetophenone. For every electron a ttach m en t m easurem ent 
a corresponding m easurem ent for acetophenone was ob
ta ined  under sim ilar conditions. T he ratios of these elec
tron cap ture coefficients were used in th e  d a ta  reduction. I t  
was felt th a t this technique of relative cap ture coefficients 
would lead to m ore precise m easurem ents since any varia
tions in operating conditions should affect the reference ac
etophenone in a m anner sim ilar to  the substitu ted  deriva
tive. T hus, the ratio  should be alm ost unaffected by the 
variation in operating conditions.

T he gas chromo~ographic columns used in th is study 
were no t critical. I t was only necessary to  separate the peak 
for particular com pounds being studied from the reference 
peak and any im purities which were present. I t was also 
necessary th a t the column bleed be minimized a t the oper
ational tem peratures. All of the specific conditions are 
available from the au thors b u t it is sufficient to  sta te  th a t 
the columns used were (1) a 10 ft, 0.25 in. stainless steel, 
10% SE-30 on 60/8C Anakrom ABS; (2) a 2 ft, 0.25 in. cop
per, 5% Carbowax 20M, on 60/80 Gas Chrom; and (3) a 3 ft, 
9 in., 0.25 in. copper, 7% Carbowax 20M, on 60/80 Anakrom 
ABS.

T he sources of the chemicals were A ldrich Chemical Co. 
for the tolualdehydes, the fluorobenzaldehydes, and 3- 
methoxybenzaldehyde; P ierce Chemical Co. for the fluo- 
roacetophenones and the trifluorom ethylbenzaldehydes; 
Eastm an Organic Chemicals for the benzaldehyde and ben- 
zonitrile; and M atheson Coleman and Bell for the propio- 
phenone and the acetophenone. P h illip ’s 99 mol % heptane 
was purified by passing through a silica gel column and was 
used as the solvent Solutions were prepared by weighing 
the sample and solvent. The concentrations were so chosen 
as to keep the peak height less than  one-half of the to ta l 
standing current.

The carrier gas was a 1 0 % m ixture of m ethane (M athe
son CP) and argon (Big Three Industries) and was passed 
through a 5A molecular sieve. The flow rate was 150 m l/ 
min m easured by a bubble flow m eter and a stop watch. 
The tem perature was m easured with a therm om eter in the 
detector block. Both the fixed tem perature m ethod 2  and 
the tem perature program m ed mode5  were used in this 
study. In addition, the response was converted and in te 
grated  using both  a digital com puter2  and an analog com 
p u te r . 3

E lectron  A ffin ities

The relationship between the electron capture coeffi
cient, K, and the EA has been shown to be 1 , 2

In A T 3/2 =  In A  +  In ^  +  ~  (1)

where A  is composed of fundam ental constants and the 
m ass of the electron, and kl and &d are ra te  constants for

neutralization  cf the  negative ion and  the  electron, respec
tively. T he ratio of the electron cap ture coefficient for a 
com pound relative to  acetophenone would be given by

In K / K a =  In kh - In (*L) A +  ^  (2)

where the subscrip t A refers to  acetophenone and  AEA = 
EA — (EA)a- Since m ost com pounds in th is  s tudy  are sub
s titu ted  aldehydes and ketones, the  kt should be nearly 
identical w ith the for acetophenone. On th is prem ise the 
kh term s in eq 2 can be cancelled and  th e  AEA can be cal
culated assum ing a zero in tercept in a  In K /K \ vs. 1 IT 
graph. T he calculated AEA assum ing a zero in te rcep t is 
m uch more precise th an  th a t calculated w ith th e  in tercep t 
variable. However, it should be kept in m ind th a t  the  ac tu 
al precision of "he calculated AEA assum ing a zero in te r
cep t is lim ited by the  assum ption of r j, = (k\)A. In th is 
work the  AEA’s were calculated according to the  principle 
of least squares, w ith bo th  an assum ed zero in te rcep t and a 
variable intercept. These are shown in Table I in colum ns 
two and three, respectively. A linear least-squares program  
was used w ith equal weights for In K / K A since the  relative 
standard  deviation in K is assumed constant.

Conventionally the  electron a ttach m en t results have 
been presented  graphically in In KT3/2  vs. 1 /T  plo ts . 2 '4 " 7  In 
order to  be consistent w ith this graphical presentation , th e  
experim ental In K / K a  were added to  th e  least-squares In 
K T 3/2 vs. 1 /T  curve established for acetophenone. Such 
d a ta  are shown in Figure 1 . Obviously th e  stra ig h t lines 
w ith a common in tercep t are th e  least-squares estim ates 
assum ing a zero in tercep t in a In K / K a  vs. 1 /T  p lo t as d is
cussed previously. Generally, one can see th a t  the  d a ta  in 
Figure 1 show a positive slope a t  higher tem peratu res 
breaking over to  a near zero slope a t  lower tem peratu res if 
the capture is sufficiently high. T his is in agreem ent w ith 
previous results in which th e  assum ption th a t a stable m o
lecular negative ion seem ed justified . 1 ’ 9 A t an upper te m 
perature of 200-225°, there is no appearance of a negative 
slope characteristic of a  dissociative m echanism . 7  A t higher 
tem peratures, a tta inab le  w ith a 63Ni detector, the  aceto
phenone curves begin to  break upw ard a t lower 1 /T  values 
giving a negative slope .8  As explained earlier th is is ap p a r
ently due to  dissociation in to  A r ( = 0 ) _ +  R-. T he 
P h C (= 0 ) -H  bond in benzaldehyde is sufficiently strong to 
prevent the dissociation into P h C ( = 0 ) "  +  H- and conse
quently no change in slope is observed a t higher tem pera
tu res . 8

Some general observations of the  effect of substitu tion  
on the EA of benzaldehyde and acetophenone can be made. 
In column 4 of T able I are given the changes in electron af
finity  upon substitu tion  relative to  th e  paren t com pound. 
I t should first be noted th a t substitu tion  of F, Cl, CF3, and 
OCH 3  increases the EA whereas substitu tion  of CH 3 on the  
ring lowers the EA. Generally th is would be expected due 
to  the inductive electron-withdrawing effect generally asso
ciated with the F, Cl, CF 3 , and OCH 3  groups whereas CH 3  

is considered electron releasing. T he effect of F, Cl, and 
CF 3  on substitu tion  can be com pared directly since they 
have been substitu ted  on the same paren t com pounds ace
tophenone and benzaldehyde. T he order of effectiveness in 
increasing the EA is CF 3  >  Cl >  F  >  0 C H 3.

A second aspect of the change in EA upon substitu tion  
can be noted in Table I. The substitu tion  of F  in bo th  ace
tophenone and benzaldehyde in the  2, 3, or 4 positions fol
lows the same trend  and the sam e order of m agnitude. Sub
stitu tion  in the 2 and 3 positions results in th e  largest in-
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TA BLE I:

Compound
EA ± a E A ft 

(zero in tercep t)
EA ± aEA

(variable in tercept)
(EA -  EA 

p a re n t)3 ± a
P aren t

compound

Benzaldehyde'1 0.430 = 0.005 0.408 = 0.010
2 -Fluorobenzaldéhyde 0 .564-0 .006 0.637 ± 0.042 0.134 = 0.008 Benzaldehyde
3 -Fluorobenzaldéhyde 0.537 ±0.006 0.667 ±0.054 0.157 = 0.008 Benzaldehyde
4 -Fluorobenzaldéhyde 0.476 - 0.005 0.484 ±0.017 0.046 = 0.008 Benzaldehyde
Acetophenone3 0.334 ±0.006 0.334 + 0.006
2 -Fluoroacetophenone 0.458 ± 0.006 0.443 ± 0.01 0.124 = 0.009 Ac etophenone
3 -Fluoroacetophenone 0.546 ± 0.006 0.576 ± 0.026 0.212 = 0.009 Ac etophenone
4 -Fluoroacetophenone 0.391 ±0.006 0.396 + 0.014 0.057 = 0.009 Acetophenone
3 -Chloroacetophenone'* 0.581 ±0.030 0.247 -  0.030 Acetophenone
4 -Chloroacetophenone'* 0.566 ±0.030 0.232 = 0.030 Acetophenone
2-Trifluorom ethylacetophenone 0.640 ±0.007 0.306 = 0.010 Acetophenone
3 -Trifluorom ethylacetophenone 0.662 ±0.007 0.330 = 0.010 Acetophenone
4 -Trifluorom ethylacetophenone 0.641 ± 0.007 0.307 = 0.010 Acetophenone
3 -M ethylbenzaldehyde 0.416 ± 0.005 0.407 +0.014 0.014 = 0.008 Benzaldehyde
4 -M ethylbenzaldehyde 0.385 ±0.005 0.374 i 0.017 0.045 = 0.008 Benzaldehyde
3 -M éthoxybenzaldéhyde 0.484 i 0.006 0.431 t 0.043 1 0.054 + 0.010 Benzaldehyde
Propiophenone 0.352 i 0.005 0.361 ±0.013 0.078 = 0.008 Benzaldehyde
B enzonitrile 0.239 + 0.005 0.258 i 0.018

“ The EA’s used in calculating this change from the parent compound are those calculated assuming a zero intercept. h o in this table and
subsequent tables refer to standard deviations, sometimes referred to as marginal standard deviations.' Reference 9. a Reference 6.

Figure 1. Ln KTJ/2 vs. 1/7 for all the compounds from the common 
intercept least-squares adjustment: (1) m-trifluoromethylacetophe- 
none; (2) p-trifluoromethylacetophenone; (3) o-trifluoromethylaceto- 
phenone; (4) m-fluorobenzaldehyde; 15) o-fluorobenzaldehyde; (6) 
m-fluoroacetophenone; (7) 3-methoxybenzaldehyde; (8) p-fluoroben- 
zaldehyde; (9) o-fluoroacetophenone; (10) benzaldehyde; (11) m-to- 
lualdehyde; (12) p-fluoroacetophenone; (13) p-tolualdehyde; (14) 
propiophenone; (15) acetophenone; (16) benzonitrile.

crease in EA which is about 2 to  3 tim es the effect of substi
tu tion  in the 4 position. This result was somewhat unex
pected since resonance of the F with the phenyl ring would 
predict an increase in EA for substitu tion  in the 2 and 4 po
sitions. As will be seen in the subsequent section, a combi-

nation of resonance and inductive param eters are necessary 
in order to account for these substitu tion  effects w ithin the 
framework of the Huckel theory.

H uckel C alcu lations o f EA

In order to investigate the effect of substitu tion  on EA 
more quantitatively, Huckel calculations were u ndertak 
en.10 Furtherm ore, considering the large effect which sub
stitu tion  has upon the EA, it was felt th a t the comparison 
of Huckel calculations with EA’s would establish precisely 
the inductive (h ) and resonance (k ) param eters for these 
substituents. Note th a t F substitu tion  on acetophenone in 
creases the EA by about 30-40%. However, as will be seen 
shortly, both param eters are not established precisely by 
com parison of the Huckel calculations with the experim en
tal EA. Contrarily, the two param eters for a given su b stitu 
en t are highly correlated, i.e., the choice of h highly influ
ences the choice of k.

Initially  a ra ther straightforw ard approach was taken to  
ad just the h and k param eters to  give a satisfactory agree
m ent with the experim ental EA. T he a and /3 param eters 
for carbon10 were established by com parison of the Huckel 
calculation of EA11 (energy of the lowest unfilled orbital) 
w ith the experim ental EA211 for the two-, three-, and four- 
ring polycyclic arom atic hydrocarbons (AHC). T he EA is 
related to <v and /f by

EA =  -Of -  «z„t l /3 (3)

where m n + \ is the root from the Huckel calculation for the 
lowest unfilled MO (2n electrons occupy the first n o rb it
als). A graph of the experim ental EA vs. — m n+\ yields esti
m ates of the « and d param eters from the in tercept and 
slope. Such a graph is shown in Figure 2 where the AHC are 
designated by squares about the data points. The fit to the 
straight line is not very good as revealed by a <rext = ±0.09 
for these compounds. <jext is calculated from th e  residuals 
(res)

res =  EA:- + a + >nntUi (4)

a mt =  V (res)2/{u -  2) (5)
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Figure 2. Electron affinity vs. root for lowest unoccupied molecular 
orbital from Huckel calculations: (□) aromatic hydrocarbons; (0) 
substituted aromatic compound identified by number in Table II.

where EA, refers to the EA for the ith  AHC.
The param eters for the carbonyl group hfr and kc~o were 

then  established by proper ad justm ent to give a satisfacto
ry agreem ent between the Huckel estim ates and the experi
m ental EA. The EA for the com pounds benzaldehyde, 1- 
naphthaldehyde, 2-naphthaldehyde, and 9-phenanthral- 
dehyde, which were reported in another s tudy ,9  were used. 
An h 6 = 1.16 and kc~o = 1-68 gave reasonable agreem ent 
between the Huckel estim ate and experim ental EA,-. The 
d a ta  are also plotted n Figure 2 . The residuals for the com
pounds are shown in Table II. The residuals for these four 
com pounds are considerably lower than  those for the AHC, 
however, it should be recalled th a t there are two additional 
adjustable param eters. T he <rext for the four compounds, 
which takes into account the num ber of adjustable param e
ters, is ±0.04. This is considerably better than  aext for the 
AHC. T he value for cinnamaldehyde is also shown in Fig
ure 2 and gives reasonable agreement. The experim ental 
EA for cinnam aldehyde has considerable erro r ,9 however, 
and for th a t reason was not used in establishing the car
bonyl param eters.

An auxiliary inductive param eter 1 0  (1/5) of 0.4 was used 
in these calculations and seemed to  give a better fit of the 
data. T he exact value of the auxiliary param eter is not c rit
ical to  the adjustm ent; however, the h and k values deter
mined are a function of the auxiliary param eter selected. 
T hat is to  say, the h and k are highly correlated with 1/5. 
This will be shown more explicitly la ter when the least- 
squares ad justm ent o: the param eters is discussed.

T he sim ple inductive model for CH 3  was used and an in 
ductive of param eter of hch3 = —0.18 was established in a 
m anner sim ilar to th a t used for the carbonyl param eters. 
T he four com pounds shown in Table II were used. The re
siduals are reasonably small; however, the effect of CH 3  on 
the  EA is also small. The data are also plotted in Figure 2 . 
T he negative inductive param eter is expected since CH 3  is 
electron releasing.

Having established param eters for the C = 0  and C H 3 , 
th e  inductive and resonance param eters for F were ob
ta ined  in a like m anner. T he 2 -, 3-, and 4-fluoro-substitut- 
ed acetophenones and benzaldehydes were used as shown 
in Table I. The residuals are reasonably  small, indicating 
th a t  the Huckel theory can account reasonably well for the  
unique effect of substitu tion  on the  EA, i.e., substitution in 
the 2 and 3 positions makes the.EA  increase more than the 
4 position. Again the results are p lo tted  in Figure 2.

G eneral L east-Squares Adjustm ent o f  In du ctive and 
R eson ance P aram eters

As one can see from the results in F igure 2, th e re  is good 
agreem ent between the Huckel estim ate of EA and the ex
perim ental EA,. This is gratifying; however, the procedure 
for establishing the param eters leaves m uch to be desired if 
any significance is to  be placed upon the  relative values of 
the  param eters. The problem  arises from the sequential a d 
ju stm en t of the param eters for different substituen ts and 
the  inheren t inadequacies of the Huckel calculations. As a 
case in point, let us consider the ad justm ent of the carbon
yl param eters so as to  give good agreem ent with the EA, for 
benzaldehyde according to  our previous procedure. The 
values for a and 0 were obtained from the AHC. The H uck
el estim ate of the EA for benzene (mn + 1  = —1.0) would be

EA = -tv  + p =  1.237 -  1.48 
EA =  -0 .2 5  eV

T his estim ate of EA for benzene differs greatly from  the 
best experim ental estim ate.

Since the EA for benzene is m ost certainly negative it is 
difficult to  determ ine a precise value for it experim entally. 
However, a reasonable estim ate can be obtained from the 
e.ectron attachm ent cross section as a function of electron 
energy. This has been obtained in a unique experim ent 
employing a m ixture of SFg with the com pound being m ea
sured, e.g., benzene . 1 2  Extrapolation  of the SFg-  curren t 
curve to the abscissa (electron energy) gives an upper esti
m ate of the adiabatic EA. For benzene this is —0.7 ±  0.2 
eV. This error estim ate should include any inherent d is
crepancy between the true  extrapolated  value and the true  
adiabatic EA. T here is considerable error in this ex trapo la
tion; however, the discrepancy between this value and the 
Huckel estim ate of —0.25 is well outside the possible error. 
If th is point were included in Figure 2 , it would fall 0.45 eV 
below the straigh t line a t - m „ + 1  = 1.0. Now upon ad ju s t
m ent of ho and kc~o, in order to  give agreem ent w ith the 
experim ental EA,, the param eters will take on values so as 
to  take up th is discrepancy of 0.45 eV. This is a sizeable 
am ount com pared to the difference in the experim ental EA 
of benzaldehyde and benzene which is on the order o f 1 . 1  

eV. In other words, the and &c_o will not reflect the true 
substituen t effect of the carbonyl group since they will also 
be accounting for the inherent inadequacy of the Huckel 
theory to pred ic t the EA for benzene. The same argum ent 
can be given for any of the hydrocarbons since the Huckel 
theory  does not exactly predict the EA of any hydrocarbon 
and the severity of the effect will be governed by the devia
tion from the straight line in Figure 2 . Similarly, the same 
argum ent can be given for the subsequent ad justm ent of 
any other param eters where the unsubstitu ted  com pound 
deviates from the straigh t line in Figure 2.

As sta ted  previously, this problem  would not exist if 
Huckel calculations gave the exact EA of the  paren t com 
pound. However, the problem will exist for any type of mo-
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lecular orbital calculation which em ploys ad justab le p a 
ram eters since none a t  presen t is capable of giving the 
exact EA. T he problem  will be less severe for more exact 
theoretical techniques and in general th e  following com 
m ents should be applicable to any m ode of calculation 
which necessitates em pirical param eters for a substituen t.

In order to  circum vent th is problem  as well as possible, a 
general ad ju stm en t to  all param eters sim ultaneously ac
cording to  the  principle of least squares was carried out. 
F urtherm ore, the inadequacy of the H uckel theory  to  ex
actly calculate the EA was elim inated essentially by ad ju st
ing the param eters to  the change in EA from  the  p aren t 
compound. T his was not done explicitly, for reasons which 
will be po inted  out shortly, however, it had th a t  sam e effect 
on the ad justm ent. I t is no t essential th a t th e  ad justm en t 
be made according to  the principle of least squares, how
ever, it has the following,advantages. (1) E stim ates of er
rors in the adjusted param eters arise autom atically  from 
the general least-squares ad ju stm en t . 1 3  (2) Correlations 
which exist between the param eters are readily obtained 
from the  variance-covariance m atrix  for the  adjusted  p a 
ram eters. (3) T he param eters them selves are obtained 
objectively w ithout any personal bias or judgem ent. (4) 
The least-squares ad justm en t can be carried out for all p a 
ram eters sim ultaneously.

The deviation of the Huckel calculation of the  paren t hy
drocarbon from the experim ental value was taken into ac
count by assigning individual aj to  each paren t hydrocar
bon. The param eters a ; are essentially determ ined from 
the experim ental EA for the p aren t hydrocarbon and in ef
fect the ad justm ent of the  substituen t param eters accounts 
for the change in EA of the substitu ted  com pound from the 
paren t AHC. The least-squares ad justm en t is then m ade to 
the condition equations

EA = -atj - »in.iP (6 )

where aj will be d ifferent for benzene, naphthalene, and 
phenanthrene and m n + 1  is a function of the  substituen t p a 
ram eters. The least-squares ad justm ent to  eq 6  is preferred 
to adjustm ent to the change in EA from the parent. T he 
la tte r would autom atically have a bias error in the change 
in EA since the error in the EA of the paren t com pound 
would exist in al AEA values. T he ad justm ent to eq 6  is 
com plicated only by the  fact th a t the aj m ust be carried as 
param eters. This does not affect the convergence of the 
least-squares ad justm ent since the aj are so well es tab 
lished from the EA’s for those AHC.

The inital a ttem p t a t the least-squares ad justm ent u ti
lized only the EA for the  three paren t AHC and the substi
tu ted  arom atic ccm oounds. The aj, ft, and the h and k for 
each substituen t were carried as adjustable param eters, ft 
was very poorly defined since it was highly correlated with 
the k param eters for the substituents and in particular 
kc~o- In order to elim inate th is correlation, the ft param eter 
was b e tte r definsd by adding two additional condition 
equations using the first two ionization potentials for ben
zene . 1 4  The condition equations are

« 4  m ust be introduced since the a ’s for correlating EA are 
qu ite different for IP . 1 1  Introducing eq 7 into the general 
least-squares adjustm ent elim inated the correlation with ft, 
however, ho  and ¿ c - 0  rem ained highly correlated making 
the determ ination of both  h 6  and fcc-o very inaccurate. 
T he h 6  was established quite precisely by adding another

condition equation involving th e  IP  for benzaldehyde. I t  
was assum ed th a t the first IP  for benzaldehyde involved 
the  removal of a nonbonding electron. Hence

IP  =  - a 4 -  h6

In to ta l 13 quantities were carried as ad justab le param e
ters. Of these, on, « 2 , « 3 , 0 4 , and ft were essentially d e ter
m ined by the  observations: EA benzene, EA naphthalene, 
EA phenanthrene, IP i and IP 2 for benzene. T h e  auxiliary 
inductive param eter (1/5) was carried as an adjustable pa
ram eter along w ith an h and k for each substituen t except 
for CH 3  for which only the  inductive param eter (h en  ,) was 
included. The la tte r eight param eters are th e  only ones 
which are really of concern and are th e  only ones which are 
varying. In the least-squares ad ju stm en t the  condition 
equations are first expanded in a T ay lo r’s series involving 
only the  first derivative term s. These derivatives of EA 
w ith respect to  the previously m entioned eight param eters 
are shown in T able III.

T he m agnitude of a derivative in Table III is a m easure 
of the  sensitivity of the EA of the  com pound to  th a t  specif
ic param eter. For example, aEA/aho in benzaldehyde is 
—0.617 whereas in 1-naphthaldehyde it is —0.419. Since the 
m agnitude of the  derivative is larger for benzaldehyde one 
would expect the EA for benzaldehyde to  be more sensitive 
to  a change in ho. The m agnitude of th e  derivatives are 
thus helpful in evaluating w hether a given com pound is of 
value in determ ining a given substituent.

T he m atrix  of derivatives in T able III are also of value in 
determ ining w hether two or more param eters can be d e ter
m ined accurately from a given set of data. If any two col
um ns have corresponding elem ents whose ratios are all a p 
proxim ately the same value, the param eters corresponding 
to  these derivatives will be highly correlated and both p a 
ram eters cannot be determ ined accurately. This arises 
from the fact th a t the equations relating the  change in EA 
w ith change in param eters are not linearly independent. 
Again to  cite an example, le t us consider th e  param eters ho 
and kc-o■ T he derivatives w ith respect to these param eters 
are found in columns 1 and 2  of T able III. N ote th a t the 
ratio  of dEA/d&c-o to  aEA/aho is approxim ately —1.9 for all 
four unsubstitu ted  aldehyde compounds. Consequently EA 
m easurem ents alone will not determ ine ho and kc~o sim ul
taneously. T he ratio  could be established quite accurately 
bu t the absolute values would be poorly defined. The 
ilP /a/ifi for benzaldehyde is - 2 . 1 1  and alP/akc-o is zero 
since the IP  is assum ed to  arise from a nonbonding electron 
on oxygen. This establishes or defines h&  quite precisely 
and thus kc~o can be determ ined from the EA m easure
ments.

Similarly the derivatives with respect to other param e
ters can be compared. For example, the ratio of aEA/ako-v 
to  aKA/ahy is approxim ately —2 for the 2 and 4 F substitu 
ents on benzaldehyde and acetophenone. The 3 F deriva
tives do not have this ratio, however, the aEA/ahp and 
iE A M c_ p  is so small for these com pounds th a t they do not 
contribute much to  the determ ination of these param eters. 
Hence h f and kc-F will be poorly defined by EA data alone 
since /if  and /?c^f will be highly correlated, i.e., as /if  in
creases kc~F m ust increase correspondly in order for the 
ratio  to  be constant.

The correlation of other param eters can be investigated 
in a sim ilar m anner. However, th is is a very awkward way 
to  detect correlation. In the least-squares analysis this in
form ation is obtained almost autom atically. Associated 
with any general least-squares ad justm ent is the variance-
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TA B L E  I II : P a r t ia l  D eriva tives  of EA; w ith  R espect to P a ra m e te rs

Compound o E A /¿/¡Ò o EA/<i/:co rl E A /  JhcHo riEA/ oh F rl E A r</,’c f r) EA / <fhc ! dEA /d/.'^j oEA/oô

Benzaldehyde -0.617 1.111 0 0 0 0 0 0.0252
1 -Naphthaldehyde -0.419 0.712 0 0 0 0 0 0.0164
2 -Naphthaldehyde -0.457 0.799 0 0 0 0 0 0.0186
9 -Phenanthraldehyde -0.412 0.696 0 0 0 0 0 0.0165
3 -Tolualdehyde -0.622 1.112 -0.135 0 0 0 0 0.0224
4 -Tolualdehyde -0.627 1.114 -0.330 0 0 0 0 0.0249
Acetophenone -0.574 1.040 -0.731 0 0 0 0 0.0211
1 -Acetonaphthone -0.375 0.635 -0.440 0 0 0 0 0.0125
2 -Fluorobenzaldéhyde -0.563 0.987 0 -0.0969 0.192 0 0 0.1425
3 -Fluorobenzaldéhyde -0.583 1.007 0 -0.0266 0.009 0 0 0.0986
4 -Fluorobenzaldéhyde -0.583 1.037 0 -0.1294 0.289 0 0 0.1409
2 -Fluoroacetophenone -0.519 0.912 -0.631 -0.0979 0.191 0 0 0.1422
3 -Fluoroacetophenone -0.540 0.934 -0.648 -0.0288 0.011 0 0 0.0992
4 -Fluoroacetophenone -0.540 0.965 -0.640 -0.1384 0.309 0 0 0.1462
1 -Chloronaphthalene 0 0 0 0 0 -0.163 0.352 0.1902
3 -Chloroacetophenone -0.531 0.911 -0.631 0 0 -0.029 0.011 0.1139
4 -Chloroacetophenone -0.518 0.913 -0.635 0 0 -0.145 0.321 0.1788

TA BLE IV: C o rre la tio n  C oefficient M a trix

ho k CO hcH.. h p /'’c F h Cl 1’cci 6

Ilo 1 0.801 0.060 -0.193 -0.059 -0.034 -0.048 0.022
/'’co 1 0.251 -0.424 -0.453 -0.384 -0.380 -0.312
/''cH-; 1 -0.365 -0.372 -0.347 -0.332 -0.335
h f 1 0.998 0.913 0.837 0.985
k C F 1 0.907 0.836 0.975
h ci 1 0.987 0.902
t'CC\ '  

6
0.824
1

covariance m atrix .12 In th is m atrix we will represent the 
variances by on2 and an 2 corresponding to the ¡th and jth  
param eters. aXJ is the covariance term  between the ¡th and 
yth param eters. T he correlation coefficient between the ¡th 
and ; th  param eters is given by

Thus we can com pute a correlation coefficient m atrix from 
the variance-covariance m atrix. The m atrix  will be sym 
m etrical since the variance-covariance m atrix  is sym m etri
cal. The diagonal elem ents are un ity  (i = j) since a param e
ter m ust be perfectly correlated with itself.

The correlation coefficient for the least-squares ad ju st
m ent previoulsy described is given in T able IV. This m atrix 
is calculated after the  least-squares solution has converged 
on a final se t of param eters. T he convergence of the proce
dure will be discussed shortly.

The m agnitude of the correlation coefficient can range 
from —1 to +1. Values near —1 or +1 indicate nearly per
fect correlation of the errors in the param eters, —1 refer
ring to negative correlation and +1 to  positive correlation. 
T he param eters whose errors are highly correlated are ob
vious from Table IV. In particular, note the high correla
tion between 8 and hp, fec-F, and hc\ (column 8). As will be 
seen shortly from the variation of these param eters upon 
iteration, as 8 increases, the param eters /if , &c-f , hei, &C-C1 
increase. Also note the high correlation between hf and 
kc-F (row 4, column 5) and between hci and kc-ci (row 6, 
column 7). In conclusion this particu lar set of EA data  d e
fine these param eters very poorly.

The values of the param eters upon iteration are given in 
Table V. Iteration  num bered zero is the initial approxim a
tion to  the param eters. Only 1/4 the correction was applied 
for the first th ree iterations in order to  ensure convergence. 
The fraction of the correction was increased until near the 
end the full correction was applied. T he last column gives 
the sum of the weighted squared residuals. T he variation in 
8 along with the h and k for F and Cl should be noted. An 
increase in 8 from approxim ately 3 to  5 corresponds to  a 
four- to fivefold increase in hp and hci- This sim ply illus
tra tes  the high positive correlation between 8 and th e  /if  
and /le t Similarly, as the hp and /iq  increase the  kc_p and 
kc~c\, correspondingly increase, again illustrating  the high 
correlation between these param eters.

D espite the fact th a t the param eters 8, hp, &c-F, /ic i, and 
£c-ci are changing drastically, the 2VF;(res,)2 is lowered by 
only a factor of 3. This is really qu ite small especially when 
it is realized th a t the external estim ate of the  standard  de
viation, (Text, is related to  the square root of 2 W,-(res,-)2. 
Thus aext will vary by only a factor of «1.7. This simply 
means th a t the param eters are very poorly defined. This is 
shown quantitatively  by the standard  deviations in the pa
ram eters shown in the final row of Table V im m ediately 
under the final values of the param eters. These errors in 
the param eters are low estim ates, since the errors ascribed 
to  the EA; assuming a common in tercep t are probably low. 
Evidence for th is lies in the calculated o-ext = 3.5 com pared 
to  ao = 1.0. P art of th is discrepancy lies in the lim itations 
of the Huckel theory to  adequately calculate electron a f
finities.

Obviously a precise value of 8 cannot be established with
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TA B L E  V: V a ria tio n  in  the  P a ra m e te rs  upon I te ra tio n

Iteration hr h co ¡'CH-, il y />’ C F he l he- ci 6 S

0 0.922 1.357 0.105 1.799 1.048 1.986 1.095 2.951 375
1 0.936 1.322 -0.109 2.652 1.450 2.967 1.551 3.885 274
2 0.946 1.304 -0.113 3.600 1.859 4.074 2.017 3.957 214
3 0.955 1.297 -0.115 4.534 2.236 5.180 2.452 4.338 178
4 0.968 1.291 -0.118 6.368 2.884 7.187 3.207 4.921 152
5 0.975 1.294 -0.119 7.283 3.273 8.504 3.669 5.197 134
6 0.979 1.297 - 0 . 1 2 0 7.800 3.456 9.150 3.888 5.301 125
7 0.985 1.303 - 0 . 1 2 1 8.246 3.613 9.707 4.075 5.373 1 2 1

8 0.986 1.305 - 0 . 1 2 1 8.165 3.587 9.614 4.042 5.352 1 2 1

9 0.986 1.305 - 0 . 1 2 1 8.180 3.591 9.633 4.048 5.357 1 2 1

1 0 0.987 1.305 - 0 . 1 2 1 8.180 3.591 9.630 4.047 5.356 1 2 1

Std dev ±0.052 ±0.044 ±0.006 ±2.44 ±0.79 ±3.05 ±1.06 ±0.74

TA B L E  VI: L ite ra tu re  V alues for hc\ an d  fec-ci

he i ^C- Cl Method Ref

0 . 8 0.56 Valence sta te  and 
m olecu lar IP

15

1 .0 - 1 . 6 0.5-0.9 IP  chlorobenzene 16
1.63 0.89 IP , e" density 17
2.5 1.0 S pectra l data 18

Figure 3. Graph of Huckel results from the general least-squares ad
justment with 1/6 = 1/3

this set of EA,-. Since hp and hci on the order of 2 seems 
m ost reasonable, a value of 1 / 6  of 1/3 was chosen. This 
value has been used by other au thors . 1 0  T he least-squares 
ad justm ent was therefore rerun with 1/6 = 1/3 as a fixed 
quantity . The other param eters in T able V were carried as

adjustible param eters. T he final param eters are shown in 
the last column of T able II. A graph of (EA +  otj) vs. 
— m n + 1  is shown in F igure 3.

Very little can be said regarding the absolute m agnitude 
of the  h and k param eters because of the  high correlation 
between them . However, we m ight note th a t  the ratio  of 
k/h is much higher for O than  for F or Cl which is generally 
w hat has been found from other stud ies . 1 0  Furtherm ore, 
the hp and hei are significantly higher th an  ho which also 
has been observed in other stud ies . 1 0

T he correlation in Figure 3 appears to  be satisfactory  as 
revealed by the reasonably small residuals, colum n 1 0  in 
T able II, which are generally in th e  range 0.0-0.04 eV. The 
external estim ate of the  variance for th is d a ta  is 0.035 eV 
which is larger than  a typical uf.a ~  0.02 eV, b u t the dis
crepancy is not excessive.

As we have seen, the correlation which we observe be
tween the various param eters 6  and h, h and k, 8 and k 
prohibits the establishm ent of an accurate set of param e
ters. M ost likely, use of experim ental m easurem ents such 
as ionization potentials will result in the sam e correlation. 
Possibly th is is one explanation why the use of seemingly 
accurate experim ental results can resu lt in widely different 
Huckel param eters.

To support th is hypothesis values of hc\ and kc-C.l re 
ported  in the literatu re are shown in T able VI. T he values 
of hc\ vary from 0.8 to  2.5 and fec-Ci from 0.56 to 1.0. How
ever, note th a t the m agnitude of fec-ci appears to depend 
upon the m agnitude of hci and when ha  is large, the  corre
sponding kc-Ci is large. In other words hci and kc-ci appear 
to  be positively correlated, ju st as was noted previously in 
th is  study using EA m easurem ents.

C onclusions

From this study of the EA of various substitu ted  arom at
ic com pounds the following conclusions can be sum m a
rized. (1) The change in EA upon substitu tion  is generally 
in the  direction which one would expect from the chemical 
aspects of these substituents; i.e., CH 3  generally lowers the 
EA whereas F, Cl, CF 3 , C = N , OCH 3 , increase the EA. (2 ) 
Use of inductive and resonance param eters in the fram e
work of Huckel theory satisfactorily accounts for the EA 
for different substituen ts and positions of the substituents 
in the  com pounds. (3) Com parisons of calculated with ex
perim ental EA do not adequately define the auxiliary in 
ductive param eter. O ther experim ental quantities similarly 
may not define the param eter w ith any greater accuracy 
and th is could explain the wide variation of values in the
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literature . A value of 1/6 = 1/3 seems to  give more reason
able values for h and k. (4) Com parisons of calculated and 
experim ental EA do not adequately  define both h and k 
param eters. T he param eters are highly correlated. Again, 
th is  m ay well explain the wide variation ir. h and k values 
given in th e  literature. (5) T he relative m agnitudes of h 
and k for O, F, and Cl are in reasonable agreem ent w ith 
sim ilar param eters derived from o ther experim ental m ea
surem ents.
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Cooperativity of Linked Polymerization and Ligand Binding Equilibria1
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Several different physical cases are proposed in which reversible linear polym erization of macromolecules 
(also polymerization to give helical structures) and ligand binding are linked. T he partition  function for 
these models is obtained in closed form; for one case this is done using a new formalism by which the “m a
trix  m ethod” for solving the linear Ising lattice can be extended to describe linear polym erization 3s well as 
conform ation changes and ligand binding. The behavior of examples of these models is calculated. Cooper
ativity, th a t is linkage between two sim ilar steps (i.e., two or more binding steps, two or more polym eriza
tion steps) is found to occur in some of the models. It is analyzed how one might proceed to use experim en
tal d a ta  (binding and polymerization as a function of concentration of both macromolecule and ligand) in 
order to  determ ine an appropriate model and its param eters. It is shown th a t the variation (a) of fraction 
bound with fraction polymerized, obtained by varying the polymer concentration a t constan t ligand activi
ty, and (b) of the ratio  between weight average and num ber average molecular weight with the extent of the 
polymerization are useful in this respect.

I. Introduction

In the assembly of large biological structures from mac- 
romolecular com ponents, the specific fit between similar
(or dissimilar) parts is responsible for the uniqueness of the 
result. This fit or recognition ensures a very great relative
stability  for one or only a very few possible arrangem ents of
the parts  and the assembled product is often much more 
stable than  the dissociated complex.3'4 One can reasonably 
expect th a t the final stability would be greatest for those 
structures whose function does not require a redissociation. 
In those cases, the state of the final product is most p roba
bly the result of the kinetics of the association processes. 
On the other hand, structures which are frequently  disso
ciated and re-form ed will more often correspond to equilib
rium  distributions of the com ponents. In either case, the

assembly process may be controlled by the binding of 
sm aller molecules to  the components, to  in term ediates, or 
to the final assembly. We shall here discuss the special case 
of reversible polymerization of linear (or helical) assem 
blies, linked to  reversible ligand binding.

I I .  Specific  M odels
A formal definition of linkage of two equilibria, a and b, 

is sim ply this: to the various states of equilibrium  a corre
spond values of the equilibrium constant for equilibrium  b 
which are not at all alike.5 While this abstraction is m ost 
suitable for the developm ent of the theory, we wish first to 
describe several probable linkage mechanisms in term s of 
the structure of the com ponents and of the polymerized as
sembly.
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As our first case (case a, cf. Figure la ) the  binding of the 
ligand favors the polym erization because the polymer pos
sesses powerful binding sites a t the interfaces between the 
monomers: each m onom er has two different weak binding 
sites.6 T his linkage m ay be called direct. In the not unusual 
case where the m onom er is built up of two identical halves, 
the re  might be twice as m any of each kind of site per m ono
mer unit (case b. cf. Figure lb ). This case becomes som e
w hat more complex if th e  binding sites for ligand are ad ja
cent, and the binding reactions thereby linked. P articularly  
interesting is th e  case where binding of the second ligand 
molecule at any interface between two units is easier than  
the binding of the first. T he two ligand binding steps are 
then linked, and th is introduces w hat is generally called 
cooperativityv’

Linkage between the polym erization steps is also a possi
bility. If the structure of the assembly is helical, and each 
u n it in teracts both with nearest neighbors and with units 
fu rth e r d is tan t along the helix, then  the  equilibrium  con
s ta n t for adding a monomer to  a long polymer may be 
much greater than  th a t for the form ation of dim er from 
two monomers.3-7 (The in term ediates are, therefore, rela
tively unlikely species and this will cause the rate of poly
merization to  be correspondingly low.)

A most interesting additional possibility is th a t linkage is 
indirect, namely, via linkage to  a conform ation change of 
the building block. The binding of one ligand molecule may 
improve one of the polymerization sites (case c), or this 
may require two ligand molecules in a cooperative step; the 
binding of the two ligand molecules to  a free monomer 
(case d) may be cooperative or not (Figure lc  and Id). The 
binding of a single ligand molecule may alter the conform a
tion of an asym m etrical un it so tha t two new binding sites 
arise which are m utually com plem entary (case e). In this 
case, two units each rearing a ligand molecule join more 
readily than  any other two units. This is also a cooperative 
situation; here the binding of the two ligand molecules is 
linked via the polymerization reaction and the occurence of 
the conform ation change is almost incidental. In the last 
case which we discuss (case f, cf. Figure If) we have sym 
m etrical units in which the binding of a ligand causes a 
conform ation change of one half of the molecule, and the 
half in the new conform ation associates more readily with 
halves of like conformation.

III. M athem atical D escription
The one-dim ensional or linear Ising lattice is a suitable 

sim ple model for treating  conform ational equilibria of m ac
romolecules when these macromolecules can exist in d is
tinguishable states (e.g., coiled and helical), and one wishes 
to  express m athem atically the fact th a t the transition  of 
the molecules from one sta te  to the other is cooperative. 
The cooperativity finds its cause in the fact th a t two mac- 
romoiecular conform ations in which the structure is d is
tribu ted  over the two states in equal proportion (e.g., one 
to one) are not necessarily equally probable, the relative 
probabilities being determ ined by how many stretches of 
units in one state , in terrupted  by stretches of units in the 
other state, there are in these conformations. The Ising 
model sim ulates this behavior by being divided into sites, 
each of which can be in one of two (or more) well-defined 
states. The likelihood of finding a given site in one of the 
sta tes is a num ber which depends on external param eters, 
e.g., the tem perature, and has different values, depending 
on the sta te of the neighboring sites. This im m ediate envi-

» O 0 Ü 
» O CO
‘OO CO
d oo c®

'OO CQ DO 
- CXO C5 CD

Figure 1. Schematic representations of the linked equilibria for six 
different models, a through f, discussed in the text. Hashed rectan
gles indicate ligand molecules bound to the units, which are indicated 
whh different shapes: square, circle, circles with a piece removed 
indicate different conformations. A better “ fit" in the figure indicates 
a more stable dimer. In case f, the figure eight shapes indicate sym
metrical units. The two diagrams at the bottom illustrate how in poly
merization to a helical structure the formation of the dimer results in 
fewer favorable contacts per step than does elongation of oligom
ers.

ronm ent may be composed of the two nearest neighbors, or 
it m ay extend farther. However, the influential env iron
m ent m ust be finite in size.

This model can be used effectively to  describe helix-coil 
equilibria of macromolecules (synthetic polypeptides),8“11 
th e  binding of ligands to  m acrom olecules,12-13 and the link
age of helix-coil equilibria and ligand binding equilibria.14 
T he solution of the algebraic problem s which occur in the 
m athem atical analysis may be perform ed by several meth- 
ocs, of which the m atrix m ethod is used below.8

We present here a new m ethod by which polymerizing 
system s can be trea ted  with the same model. Exam ples of 
such were described in the preceding section. Of the cases 
described, only case e requires the use of this new method. 
T he other systems do not require the application of the 
Is mg model even when there are cooperative effects.

Conformational Transitions and Ligand Binding. A de
scription according to the one-dimensional Ising lattice 
implies th a t the behavior of each site is linked to the sta te  
of only a finite num ber of sites on either side. We restrict 
th is to  a single site on either side. For such systems, m eth 
ods exist to evaluate the partition  function

2 = Zc, (1)
which is the sum of the concentrations (in moles per unit of 
volume) of all the species which can occur, and of the deriv- 
a t ves of z, which are related to  the m easurable param eters 
of the system.

For the helix-coil transition  z may be w ritten as the 
sum m ation over groups of molecules having the same n u m 
ber, (, of helical units grouped in j stretches of helix

21 =  YLY.U'ijSlO! (2)
i  j

wTere w,j is the num ber of ways in which this com bination 
can be obtained in th is particular molecule, s the equilibri
um constant for lengthening a helical region by one unit.
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and a the equilibrium constant for separating a helical re
gion into two helical regions with the same number of heli
cal units. For cooperative ligand binding to a polymer, one 
has

z, = Y .Y .w ij(ly)iTi (3)
i j

where now the ligands are bound on j  stretches of adjacent 
sites; l is the equilibrium constant for ligand binding to a 
site with one neighbor carrying a ligand, the product It the 
equilibrium constant for binding a ligand to a site with un- 
liganded neighbors, and y the activity of unbound ligand. 
This summation is the same as that in eq 2.

We here follow the well-known matrix method for carry
ing out this summation and others like it. In this method,8 
one constructs a matrix containing as elements the various 
values of the equilibrium constants for going in one site 
from one state to another, which differ depending on the 
state of one neighboring site. Repeated multiplication of 
this matrix by itself generates a matrix with elements- 
which are sums of relative concentrations (products of 
powers of equilibrium constants) of the type slaJ, one for 
each distinct realizable overall state of the molecule. Thus, 
in order to perform the summation in eq 2 one writes the 
matrix

M,
“i r
_CTS vS. (4)

and finds that elements (1,1) and (2,1) of the matrix Mt" 
contain all the terms of the sum in eq 2, i.e.

= [1 llMt" (5)

The power of the method lies in the possibility of simpli
fying Mn by diagonalizing M

and using

M =  U 0
0
^2-

U'

M" =  UA"!!'1 =  U V

UAIT1

u-1

(6)

(7)

This method can easily be extended to a situation where 
a cooperative helix-coil equilibrium and cooperative ligand 
binding are linked.14 Table I lists the possible states of 
each site and the statistical weight for each state when the 
preceding site is in the four different states. (This array of 
expressions is the matrix M for this problem.) As written, 
Table I describes a situation where ligand binding to the 
coil (equilibrium constant l1) is not cooperative, but that to 
the helix is (equilibrium constant /2 or 1%t depending on 
the state of the preceding site. With r = 1, the matrix de
scribes linkage of noncooperative ligand binding and a co
operative helix-coil equilibrium.)

Polymerizing Systems. For a simple polymerizing sys
tem

2p = xJ^(kxY  = x/ ( 1 -  kx) (8)
i= 0

where x, the activity of the monomer, is assumed equal to 
the concentration of the free monomer, and k is the equi
librium constant for adding a unit to the monomer to form 
a dimer, or to any polymer to form the next higher poly
mer.

For cooperative linear polymerization, lengthening of the 
first oligomers is more difficult than lengthening of the 
longer polymers.5,8 In the most simple case, formation of

TABLE I: The M atrix M for Linked Cooperative Ligand  
Binding and a Cooperative H elix-C oil T ransition“

1 2 3 4

1. ligand
coil

free 1 1 1 1
2. ligand

helix
free GS .S' GS s

3. ligand
coil

carrying 1 l.V h V hy hy

4. ligand
helix

carrying hyosT / 2 .V ~S lo y as 7 hy

° With r = l, the ligand binding is not cooperative.

the dimer alone is unfavorable, the equilibrium constant 
for dimerization being ok, a < 1. The partition function 
may be written as the sum of one term for the monomer 
and the terms of a geometric series

zpc = x + o .v Z ( h j ' = x -  ax + azB =
1=1

{x ~ ¿>x2(l -  a)}/(l -  kx) (9)
How can one now use the power of the matrix method in 

treating linked equilibria involving polymerizing systems? 
This can be accomplished by considering the polymer as a 
linear arrangement of sites, which are either filled or not 
filled with a monomer molecule. There are then two states 
and the matrix for this system should have the form

(10)
empty site T i l
monomer in site Lo kx 

where the zero element indicates that the chain is not re
started once ¿t has been terminated. One can easily verify 
that the sum occurring in the partition function (eq 8) is 
given by the (1,2) element of the matrix obtained by taking 
Mp to the limit of a very high power, i.e.

x £ (& -)'1=0
.\{l 0]litm " 1  1  '

n
'O'

.0  kx. _i_ (11)

The value of using this formalism lies in the possibility of 
describing linked ligand binding and polymerization using 
a somewhat larger matrix.

Linkage of Polymerization, Binding, and Conformation 
Change. We distinguish between the specific models de
scribed above (cf. Figure 1). In cases a and c, the equilibri
um constant for ligand binding to polymerized subunits, I2, 
is different from the binding to the first in any polymer (in
cluding the polymer of length one = the monomer), l\. This 
description is expected to hold, for example, when the lig
and participates in the contact between two adjacent mo
nomers, but does not affect the conformation of the mono
mers (Figure 1, case a). The matrix for this case is given in 
Table II, v being the activity of the ligand. The partition 
function is then

■pzl — r[l 0 0] lim M”
'0
1 (12)

This case is not cooperative. In subsequent calculations we 
shall ignore ligand binding to the first unit, and let l\ = 0, 
using l for /2.

In cases b and d, cooperativity is introduced by having 
several, e.g., m, ligand molecules bind cooperatively to each 
monomer unit, thereby enhancing its affinity for binding to
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TABLE II: The M atrix for Linked Ligand B inding  
and Polym erization

1 2 3

1. no m onom er unit 1 1 1
2. ligand fre e  unit 0 kx kx
3. liganded unit 0 kxl 2 y kxl 2 y

TABLE III: The M atrix for Cooperatively Linked
Ligand B inding and Polym erization

1 2 3

1. no m onom er unit 1 1 1
2. ligand fre e  unit 0 kx kx
3. liganded unit 0 kxl y kxlyq

other units. The cooperativity of the binding to each unit 
implies that any mcnomer unit carries either no ligand 
molecules or m ligand molecules. This case is described by 
replacing /¿y in the matrix of Table II with (/¿y)m, and 
writing

•P!2 =  \ { l  0 0] lim  M"
0
1

L tfivr
(13)

In case e, cooperativity obtains when the binding of a lig
and to a unit adjacent to another unit already carrying a 
ligand is stronger (or weaker, for negative cooperativity) 
than to a unit not so placed. With the simplifying assump
tion that the binding has no effect on the polymerization 
except when adjacent, units in a polymer carry ligand, the 
matrix for this case is given in Table III; / is the equilibri
um constant for ligand binding to the monomer or to isolat
ed units in the polymer, the product Iq is the equilibrium 
constant for binding ligand to a unit following a ligand 
carrying unit. The partition function is

z i l 3 v[l 0 0] lim M"
n -  ®

(14)

Summation of the Partition Function. In the first two 
cases the formalism given here is superfluous. The parti
tion functions are obtainable by simply extending eq 9.6 
For linked noncooperative ligand binding (m sites per unit) 
and polymerization (case a) one obtains

z,„ = x /{ l ~ M l  + 1y)m} (15)
which is simply the partition function of eq 9 with k re
placed by k(l + ly)m; for cooperative ligand binding (case b 
with strong cooperativity)

z „ 1 2  =  x/[i -  M i  + r y m) 1 (16)
For linkage of cooperative polymerization and ligand bind
ing one can similarly obtain the partition function by re
placing k with k(l + ly)m or &(1 + lmym) in eq 9.

The partition function for case c is the same as for case a 
and the analogous cooperative case d behaves as case b. For 
the case of cooperative linkage of ligand binding and poly
merization (case e) one does need eq 14 in order to evaluate 
z, and we obtain

¿„13
1 + kxly( 1 -  q) + lv 

1 -  M l  + Iyg) -  (kxYlvil -  q) A u  n
(This result is derived in the final section of this article.) 
Finally, the partition function for case f is the same as for 
case b.

We remain with three different partition functions. It is 
an easy matter to modify any of these in order to describe a 
cooperative polymerization equilibrium linked to a binding 
equilibrium. In these situations the first or the first few po
lymerization steps have lower equilibrium constants than 
the succeeding ones. One expresses the concentrations of 
the first oligomers in terms of l, y, k, and x and (one or

more) a, where a has the same meaning as in eq 9. With a = 
1, the sum of the concentrations is one of the partition 
functions given in eq 15-17. All the terms except those with 
a lower power of x will differ only by a factor a (or the 
product of the ct’s  for the several difficult steps). The parti
tion function is, therefore

m
= <7z„.i + Z (cif0 - VC; i) (1 8 )

i=l
where m is small (often = 1) and cI (r and c.h\ the concentra
tions of i-mer in case the polymerization, respectively, is 
and is not cooperative.3,7

Use of the Partition Function. The measurable parame
ters of the system, such as, average number of helical sites 
per molecule, average ligand binding, average degree of po
lymerization, can all be obtained by differentiation of 
2 5,10.16 por a polymerizing system, also capable of ligand 
binding, the partition function may be written as a double 
sum of concentrations over i, the number of monomer units 
associated to form a polymer, and j, the number of ligand 
molecules bound to this polymer:

2 = ZZm = ZZ«t-v,(M (19)
i j  t j

cf. also eq 2 and 3. The total concentration in terms of mo
nomer units is

Co = Z M  = Z Z ” <-’0A-i(/y)i = In .v (20)
t i j

Often, the activity (=; concentration) of free ligand is 
known from measurement (potentiometric; equilibrium di
alysis), in other cases it may essentially be equal to the 
total ligand concentration, yo. In these instances, the free 
monomer concentration is found as the value of x satisfying 
ec 20.17 In all other cases, one also needs

Vo = Z -M  + y  = 9z /3 In (ly) + y  (21) 
i

Since z is a function of both x and y, these unknowns are 
ohtained by solving eq 20 and 21 for x and y. These rela
tionships depend only on the occurence of the i-th power of 
x in the expression for the concentration of any i-mer and 
of the j-th power of y in the expression for the concentra
tion of any species carrying j  ligand molecules.

One will easily see that the reacted fraction of the poly
merization sites is given by

/„ = i -  s c i / s f q  = i -  i / 6>n =
1 -  9 In x/d  In z (22)

where (i)n is the number average degree of polymerization. 
The weight average degree of polymerization is given by

ii)w = Si2c f/SfCj = {92z/ (9 In a)2/ (9 z/9 In .v)}
(23)

For a most probable distribution of polymer size, which ob
tains in noncooperative polymerization, i.e., when z is given
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by eq 8, 15, or 16, the ratio between the two averages is18

<i)J<d)n =  2  -  l/(j)r =  1 +  / ,  (24)

Finally, the fraction of all binding sites which are occupied 
bv a ligand molecule is given by

/„ = (1 = (3z /d  In ly)/(v 3z/3 In x)
- J 1 (25)

where v is the number of binding sites per monomer unit.
Neglecting binding to the monomer, one may relate the 

binding in the case of a single binding site per monomer 
unit to that in the case of multiple sites. For the models 
with a single site one can write the partition function, z, as 
a function of k(l + ly). For multiple sites, z is the same 
function of k(\ + ly)m in case the binding to a single unit is 
not cooperative, and of k(l  + lmym) if the binding is coop
erative. One then has

z \ = F{*(1 + ( l y ) i)}
z n =  F{fe(l + (Zy)Jm} (26)

and
z m,c =  F{fe(l + (Z V )* ,.) }

The derivatives of z with respect to k will be the same for 
the same value of the argument of the function F. Hence, 
given the same value of k, the distribution over polymers of 
different size in the three cases will be the same when, re
spectively, (1 + ly), (1 + ly)m, and (1 + lmym) have the 
same value. The fraction of sites carrying ligand is propor
tional to ly dz/dly. Given the same values of the argument 
(i.e., not at equal values of ly), the fractions bound in the 
three cases are related as follows

A d ) = / , ( „ ,  c) =  /■<"> r n

In particular

" 2) = ,28)

IV. C alculated E xam ples
We now present several calculated examples, in order to 

show in what way the behavior according to the three mod
els differs, and how one might treat experimental data in 
order to choose the best model, and then obtain estimates 
for the various parameters. This must be done in such a 
way that use is made of those experimental data which are 
most readily obtained. We must also avoid using properties 
of the models which are trivial. Since our interest lies in the 
promotion of polymerization by ligand binding we have ne
glected ligand binding to the monomer in some of the cal
culations. This is only a convenience; more probably than 
not, a unit which can bind a ligand when polymerized can 
also bind the ligand when a monomer. As a consequence, 
the polymerization will no longer be dependent on the lig
and concentration when the latter is very large. In case 
each of the polymer’s ligand binding sites were shared by 
two adjacent monomeric units, each free monomer might 
have twice the number of ligand binding sites of the poly
merized unit, and, as a result, very high ligand concentra
tion would reverse the polymerization. However, we do not 
wish to rely on these and other properties of the models 
which can only be determined at very high or at very low

Figure 2. Polymerization curves for cases a through d, with noncoo
perative polymerization and for the case of cooperative polymeriza
tion with dimerization less easy than subsequent steps by a factor a 
— 0.01. On the left the curves are plotted for any number, m. of lig
and binding sites per unit. On the right the same values are plotted 
vs. free ligand concentration, y, for units with two ligand binding sites 
(for small values of fec0).

Figure 3. Polymerization and ligand binding curves for case e, with q 
=  100: solid curves, polymerization; dashed curves, binding.

concentrations, since the necessary experiments often are 
not feasible or give ambiguous results for other reasons.

In a polymerizing system which one is studying in order 
to make a careful theoretical analysis one usually knows 
the size of the monomer unit and the number of ligand 
binding sites per unit. (Notice, however, possible complica
tions when the number of binding sites per unit is different 
in the monomer than in the polymer.) Linkage between 
binding and polymerization is usually established by de
tecting changes in polymerization (e.g., in average molecu
lar weight) with the concentration of added ligand. A com
plete study of linked binding and polymerization subse
quently should yield data on the extent of both ligand 
binding and polymerization as a function of both ligand 
concentration and macromolecular concentration. We 
must, therefore, examine how the different models behave 
in this respect, keeping in mind that the range of accessible 
experimental conditions is finite.

Binding Curves and Polymerization Curves. Figure 2 
shows how the fraction polymerized (cf. eq 22) depends on 
the total protein concentration, co, and the concentration 
of free ligand, v, for noncooperative linear polymerization 
and for the cooperative case in which the equilibrium con
stant for dimerization is smaller than that for any other as
sociation by a factor a = 0.01.3-6-' The sigmoid behavior 
shown in the latter case is typical of cooperative equilibria
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Figure 4. Plots of fraction polymerized vs. fraction bound for each 
curve, the polymer concentration varies and the ligand activity is 
constant. Top: for cases a through d. Solid lines are for the case 
where ligand binding to free monomer may be neglected; the dashed 
lines are for the case where the ligand binding constant for free mo
nomer is one-tenth that for polymerized monomer (case a). Bottom 
For case e, with q = 102 and 104, respectively.

in general. When there is one binding site per unit, the 
curves are also linear plots of degree of polymerization vs. 
free ligand concentration. In the noncooperative case the 
curve will not be sigmoid. With multiple sites, the degree of 
polymerization vs. the ligand concentration easily becomes 
sigmoid even when the binding to a single unit is not coop
erative. This happens when kco «  1, i.e., there is essential
ly no polymerization in the absence of ligand, a not unusual 
situation. In order to get polymerization ly must in that 
case be large and then (1 + ly)m ~ lmym * 1 + lmym. It is 
impossible to distinguish if the binding is cooperative per 
se, or not. The resulting polymerization curves are given in 
Figure 2b for m = 2. The curves of Figure 2b do not serve 
to make a qualitative distinction between the case where 
the polymerization is cooperative or not. However if m is 
known, a plot of /p vs. ym will serve for this purpose.

When kco is small, the binding curves are the same as 
the polymerization curves since the ligand will be bound to 
all units except free monomer and one terminal unit of 
each polymer. There is, therefore, a linear relation between 
fraction polymerized and fraction bound. This relation 
holds rigorously if each pair of values of / b and f p was de
termined at the same free ligand concentration, but differ
ent polymer concentration. This is still true for multiple 
binding sites and if there is (weaker) binding to the free 
monomer. In the absence of the latter / b and / p are simply 
equal for all measurements whenever kca is very small.

Calculated results for case e, obtained using eq 16, are 
given in Figure 3. The value of q, a parameter somewhat 
comparable to the reciprocal of a in the cooperative case a, 
is 102. All polymerization and binding curves are sigmoid, 
except in extreme situations where there is not much link
age, as when ly = 1 and the free monomer is already half 
saturated with ligand. A qualitative distinction between 
this case and per se cooperative polymerization linked to 
binding to multiple sites can be made on the basis of the 
variation of / p with ft, at constant free ligand concentration. 
These plots are notably curved, and cover the available 
area in a completely different wav than do the straight 
lines obtained for the simpler cases a through d (Figure 4).

Size Distributions and Averages. In the absence of coop-

%— ---------- 1---------- i----------1

\_y.
pv
_ y kc„=6

q=10“
ly =17-10 4
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Figure 5. Two size distributions for case e with two different sets of 
parameters, plotted on a semilogarithmic scale.

erativity or when the cooperativity is positive, i.e., when tj 
< 1 or q > 1, the molar concentrations of the species con
taining different number, i, of monomers decreases mono- 
tonically as t increases. The corresponding concentrations 
by weight may, however, have a maximum for some length 
greater than one. The maximum occurs for a higher length, 
the larger the degree of polymerization. For cases a through 
d the maximum concentration occurs at a length near

i* = -1/ln (k'x) (29)

II II to CO (30)

where k' may represent k, k(l + ly), etc. The weight con
centration is greater than one-half the maximum for a size 
between about one-fourth and twice the length i*.

For cases a through d with cooperative polymerization, 
one may consider the distribution to be altered only by 
there being an inappropriately high concentration of mono
mer (and perhaps a few other oligomers); the length at 
which the concentration has its maximum, if any, is still 
given by eq 29. For both cooperative and noncooperative 
cases a through d, as the polymer gets longer, the amount 
of ligand bound per unit increases gradually.

For the special cooperative case e, the distribution is not 
so transparent. The relative concentration of any i-mer will 
be equal to the concentration of the ligand-free i-mer mul
tiplied by the partition function for binding ligand to a lin
ear molecule with i sites, zip as given by eq 3

c i = x(kx)i~iz , ti (31)

where z;y may be evaluated with the matrix method. The 
distribution of the number concentration decreases mono- 
tonicallv, but the distribution of the weight concentration 
may now show two maxima. In Figure 5 we show a semilo
garithmic plot of two such distributions; the curves consist 
of two linear portions, whereas for noncooperative poly
merization such plots are straight lines, and for cooperative 
polymerization in cases a through d all the points except 
that for i -  1 would lie on a straight line. For the cases rep
resented in Figure 5, the two parts correspond essentially 
to oligomers without ligand and polymers with all units 
carrying ligand, respectively. A necessary condition in get
ting significant amounts of both classes of molecules is, of 
course, that measurable polymerization occur in the ab
sence of ligand but otherwise under the same conditions, 
and that the product qly be just large enough that a por
tion of the material turn into high polymers binding ligand.

Experimental information about molecular size distribu
tions is obtainable only when the polymerization equilibri-
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where Ai, X2, and A3 are the three eigenvalues of the matrix, 
obtained as roots of the equation

(1 -  k){{kx -  \){kxlyq -  A) -  (kx))2ly} = 0 (33)

(The symbols a through i represent the elements of a ma
trix U and a' through i' the elements of the matrix U_1.) 
Thus one of the eigenvalues is equal to one. and one can 
show that the other two are always positive and less than 
one for a physically meaningful set of values of kx, ly, and 
q. When A is raised to a very high power (cf eq 7 and 13) 
the (1,1) element will be equal to one, all the other ele
ments will be zero or tend to zero. If one carries out the op
erations of eq 13, one is left with

zB,3 = \\a b ’ + ac’ly) (34)

Using the equalities
Figure 6. Deviation of the  m olecular weight distribution from  a  m ost 
probable distribution, as  m easured by the ratio (/') J ( 2  ( i )  n — 1), for 
c ase  e  with q  =  100.

um is established very slowly, or has been “frozen” by some 
artificial condition. More often, the only available informa
tion about the distribution comes from a comparison of dif
ferent averages: the number average (i)n and the weight 
average (i)w being most easily obtained. It is a problem 
that techniques for obtaining (i)w are more readily used 
than those for obtaining (i)n. Yet it proved convenient to 
express our results in terms of the fraction polymerized, / p, 
which is directly related to (i)n by eq 22. Only for a most 
probable distribution, which obtains with models a through 
d when the polymerization is not cooperative per se, can 
one use the simple relation 24 to obtain f r from (i)w. We 
have calculated in what proportion (i)w/(i)„ deviates from 
that for a most probable distribution with the same (i)n. 
For cooperative polymerization, the ratio goes to 4.4 for a = 
10-2 and 38.3 for a = 10-4. For case e, the maximum ratio 
is ca. 1.5 for q = 10, 1.9 for q = 100, and 20 for q = 104. A 
difference is that for the cooperative case a, the same maxi
mum ratio dependent only on a is always reached for the 
same extent of the reaction (at fp = 0.67 for a = 10-2), 
while in case e the maximum ratio obtainable by varying 
the total polymer concentration depends on the concentra
tion of free ligand (Figure 6).

V. E valuation  o f the P artition  Function  for a 
Polym erization

It is asked to solve eq 11 using the matrix of Table III. 
The solution of this problem turns out to be very different 
from when one uses eq 11 to describe helix-coil equilibria,8 
e.g., using the matrix of Table I.

The diagonalization of the matrix gives
a b c r.\i 0 0 “I a’ b' c’

M = UAU-1 = d e f 0 X2 0 d’ e‘ f
_g h i_ _0 0 a3_ g’ h' i'

(32)

U-'M = AU' 1 and MU = UA (35)

one finds that d = g = d' = g '  = 0, a = 1 /a', and the values 
of b' and c' follow from the equations

b’ = kx b’ + kx lye’ + l/ff 
c' = kxb’ + kxlyqc’ + 1 /a

(36)

Solving for b' and c' in terms of kx, ly, q, and a and substi
tuting the result in eq 34 one obtains the partition func
tion, eq 17.
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Acid-Base Equilibria in Methanol, Acetonitrile, and Dimethyl Sulfoxide 
in Acids and Salts of Oxalic Acid and Homologs, Fumaric and 
o-Phthalic Acids. Transfer Activity Coefficients of Acids and Ions

M. K. Chantooni, Jr., and I. M. Kolthoff*

School of Chemistry, University of Minnesota, Minneapolis, Minnesota 55455 (Received December 11, 1974)

The first and second dissociation and the homoconjugation constants of the homologous series of oxalic to 
azelaic acid, fumaric, and o-phthalic acids and X(HE) of some of their monoesters have been determined 
in dimethyl sulfoxide (DMSO) and methanol (M). From the data values of K ' = [HA- ]/[HA- ], HA- denot
ing the intramolecularly hydrogen bonded monoanion, have been found. The monoanions of malonic and 
o-phthalic acids in M are strongly intramolecularly hydrogen bonded (but not in water, VV). In agreement 
with the above potentiometric data, ir spectra of biglutarate solutions yielded conclusive evidence that the 
biglutarate ion contains an intramolecular hydrogen bond in acetonitrile (AN) and (CDn^SO. The ratio 
K’,(AN)/K'(DMSO) = io1-7*0-2 closely corresponds to the difference in hydrogen bond accepting capacity 
previously reported between these two solvents. From this it is inferred that the carboxylic acid group in 
HA-  is not hydrogen bonded to the solvent DMSO, in contrast to that in HA- . This has been confirmed by 
ir spectrometry. Ir spectra of mixtures of giutaric acid with biglutarate in AN indicate the presence of an 
intermolecular hydrogen bond between the carboxylate group of HA- and the acid in the homoconjugate 
HA- —H2A. N o indication of intramolecular hydrogen bonding in the bioxalate ion was found in W, M, and 
DMSO. From solubilities of the dicarboxylic acids and silver salts of some of the monoesters in AN and the 
other solvents transfer activity coefficients of the various acids and their ions between AN and VV, M, and 
DMSO have been obtained.

Introduction
In a previous paper1 we reported in acetonitrile (AN) 

first and second dissociation constants, K j and K2, homo
conjugation constants, K ômc, of the homologous series of 
oxalic to and including azelaic acid, also of fumaric and o- 
phthalic acid, and the dissociation constants X(HE) and 
homoconjugation constants X(HE-2~) of the corresponding 
monomethyl or -ethyl esters (HE). Using eq 1, first pro-

K' = [HA-]/[HA'] = KJ2K(HE) -  1 (1 )
posed by Westheimer and Benfy,2 we calculated the equi
librium constants K' between intramolecular and nonintra- 
molecular hydrogen bonded monoanions, HA-  and HA- , 
respectively. The corresponding values of K' of the above 
acids in water are equal to or close to zero.2 In the present 
paper these studies are extended to the solvents methanol 
(M) and dimethyl sulfoxide (DMSO). Compared as sol
vents (not as solutes), methanol is a slightly stronger hy
drogen bond acceptor than water2 and about an equally 
strong hydrogen bond donor. Dimethyl sulfoxide, a typical 
dipolar protophilic solvent, is a much stronger hydrogen 
bond acceptor than acetonitrile, but about an equally poor 
hydrogen bond donor In contrast to water and methanol, 
solvation of a carboxylate ion by hydrogen bonding in AN, 
DMF, and DMSO is negligible.3 4 With the nonintramolec- 
ularly hydrogen bonded monoanion HA- , DMSO forms an 
intermolecular hydrogen bond with the carboxylic acid 
group. Evidence is presented in this paper that this does 
not occur with HA- . Consequently, the values of K' in 
DMSO should be smaller than in AN. An additional reason 
for the inclusion of M and DMSO in the present study is to 
obtain values of the transfer activity coefficients, 7 , of H2A, 
2HA- (= HA-  + HA- ) and A2- between the amphiprotic 
solvents M and water (W) on one hand and AN and DMSO

on the other. Also, the Born effect on transfer activity coef
ficients of ions between the close to isodielectric solvents 
M, AN, and DMSO is almost negligible and small even for 
py(A2-). Our values of 7 ion are based on the tetraphenylbo- 
rate assumption which yields almost the same values for 
the organic solvents as the ferrocene assumption.5-6

Values of AN7S(H2A) and AN7S(HE) were determined 
from solubility data«of the diacids and monoesters, respec
tively, while those of ANys(SHA- ) and ANys(A2-) were ob
tained from the relations
(p IC1 )s - ( p ^ , ) a n  =  s Aa n P ^ i =

pAN7S(H+) + pan7S(2HA- ) _  pan7s(h 2A) (2)

(ptf 2)s -  (PK2)an = SAanPN2 =
pAN7fi(H + ) + p a n 7s (A2-) -  pAN7s(JHA- ) (3)

Calculation of values of pAN7S(H2A) and pANys(HE) do 
not involve any extrathermodynamic assumption. From the 
experimental results the effect of -CH2-  groups on 
an7s(H2A) and an7s(HE) was found.

An ir study has been made of biglutarate and of the ho
moconjugate of biglutarate with giutaric acid in AN in 
order to obtain conclusive evidence that in the homoconju
gate H2A is ¡ntermolecularly hydrogen bonded to the car
boxylate group in the monoanion HA- . In order to show 
that DMSO is not hydrogen bonded to the carboxylic acid 
group in HSuc- , ir spectra were obtained in solutions of bi
succinate in DMSO.
E xperim ental Section

Solvents. Acetonitrile,1 N,AT-dimethylformamide,' di
methyl sulfoxide,1 and methanol1 have been purified and 
dispensed as described previously. Acetonitrile-d:! and di- 
methvl-c/6 sulfoxide were Aldrich and Baker Co. products, 
respectively, used without further purification.
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TABLE I: M olecular Solubility of D iprotic Acids and Their M onoesters in Various Solvents

Acid

W M AN
(CH,)„-----------------------— -----------------------------------------------------

n [H,A]sat. [H E ]„t .c [H,A]sat.“ [HE]sal. “ [H,A]sat.“ [ H E L t /
DMF

[H;A]sat/

DMSO

[H: A]sat.c [HE]sat/

Succinic 2 0.70“ 7.45* 1.28 6.26* 0.0404 5.06* 3.53 Solvate
0.65“

G lutaric 3 4.58 0.715
Adipic 4 0.136“

0.166
0.19“ 1 . 1 2 5.3“ 0.039 5.2“ 2 . 8 6 3.69 5.12“

Pim elic 5 0.324“ 2.76 O.I9 7 3.52
Suberic 6 0.0152c

0.34“
0.85 0.028 2.29 2.78

Azelaic 7 0.013“
0.015“

1.48 0.063 2.73 3.15

Sebacic 8 0.0015* 3.4 x 10‘3“ 0.51 3.54“ 0.016 3.80“ 1 . 8 6 2.59 3.73“
F um arie 0.051“

0.053“
0.185* 0.51 1.87* 0.0055 0.418* Solvate 3.74 5.45*

o-P h tha lic 0.0368“ 0.206* 1.15 4.91* 0.0245 2.93* 3.77
Seidell, “Solubilities of Organic Compounds”, 3rd ed, Voi . 2, Van Nostrand, New York, N.Y., 1941. b N. P. Komar, V. Mel’

Zimina, and A, Kozachenko, Vestn. Khark. IJniv., 73, 67 (1971); Chem. Abstr., 78, 8478t (1973). c This work.d Methyl ester. e Ethyl ester.

TABLE II: Values of pA i and pK̂  o f D iprotic Acids in Various Solvents 
and Hom oconjugation Constants, Khomot in AN and DM SO

pAT, and p/f2 K t

W“ M* AN* DMF DMSO AN* DMSO*

H,Ox P A, 1  2 3 6 . 1 14.50 6 .2 “ 4 . 0  x 1 0 3

P k 2 4.29 10.7 27.7 14.9“
H,Mal PA'i 2 . 8 7 7.5 15.3 7.8'’ 8 .2 “ 7.2“ 0.9 x 103

PA'; 5 . 6 7 12.4 30.5 2 0 .8 f> > 1 6 “ 18.55*
H„Suc PA, 4.2o 9.1 17.60 10.4fc IO.O5 * 9.5q* 0 . 2  x 1 0 3 < 2

- PA; 5.55 11.5 29.0 19.9” 17.2* 16.7*
H,Glu PA, 4.3 4 9.4 19.2Q 10.9* 0 .6 2  x 1 0 3 1 . 0  x 1 0 :

PA' 2 5.42- 11.5 27.95 15.3*
H, Ad PA, 4.43, 9.4 5 2 0 . 3 5 11.9 ' 1.4 x 103 8  x 1 0 1

pA2 5.42 1 1 . 1 26.9 14.1*
HoAz PA'i 4 . 5 5 2 0 . 8 I I . 9 5 * 2 . 7  x 1 0 3

PAV 5.4 1 24.8 13.55*
HoFum pK, 3.02 8 .O3 18.6 9.2*

PA2 4.39 IO . 4 4 22.9 I I . 2 3 *
o-HoPth PA, 3.0q 14.2 6 .2 “ 0.9 x 102

PA2 5.40 29.8 16.0“
Butyric 9.9 rj 22.73 1 2 .8 5 * 7 x 101

Acetic 19.5^9.72"
Ì9.8*

22.3’ 13.5* 1 2 .6 1 4.7 x 103' 3 x 10“

M onochloroacetic 7.7* 18.8 9.0* 8 .9“
D ichloroacetic 6.4* 1 5 . 8 4 7.2J

n Average values taken from various sources, i.e . R. Gane and C. K. Ingold. J. Chem. Soc.. 2153 (1931): “Treatise on Analytical Chem
istry". I. M. Kolthoff. P. J. Elving. and E. B. Sandell. Ed.. Part I. Vol. 1. Wilev-lnterscience, New York. N.Y., 1959, p 432; E. Celles and G. 
Nancollas, Trans. Faraday Soc.. 52, 680 (1956); H. Hamed and L. Fallow. J Am. Chem. Soc.. HI, 3111 (1939); N. Topp and C. Davies, 
■J. Chem. Soc.. 87 (1940); G. Pinching and R. G. Bates. J. Res. Natl. Bur. Stand.. 45, 322, 444 (1950); A. Cavallo and P. Viéles. Bull. Soc. 
Chim. Fr. 806 ( 1963); G. Kortüm. W. Vogel, and K. Andrussow. "Dissociation Constants of Organic Acids in Aqueous Solution”, Butter- 
worths. London. 1961. b E. Roletto and -I. Juillard, J Solution Chem.. 3, 127 (1974). ' E. Boulanger. Thesis. Paris, 1971. d Reference 7. e J. 
Courtot-Coupez and M. Le Démézet. Bull. Soc. ('him. Fr.. 1033 (1969) (m = 0.1). r This work: ref 1. g J. Juillard. ibid.. 1727 (1966). “ E. 
Grunwald and E. Price. J Am. Chem. Soc.. 86. 4517 (1964). ' I. M. Kolthoff. M. K. Chantooni. Jr., and S. Bhowmik. ibid.. 90, 23 (1968). 
J B. Clare. I). Cook. E. Ko. Y. Mac. and A. J. Parker, ibid.. 8 8 , 1911 (1966).

Acids and Salts. The same diprotic acids, their monoest
ers, their mono- and ditetraethylammonium salts, mono- 
and dichloroacetic acids, and tétraméthylammonium hy
droxide titrant in M were used as in previous studies.1-3 
Assay of potassium monoethyloxalate (Pfaltz and Bauer,

Inc.) gravimetricallv as tetraphenvlborate yielded 101.0%. 
Only a trace of free oxalic acid was found. Pimelic, suberic, 
and sebacic acids and the monoethyl ester of the latter 
were Eastman Kodak White Label products recrystallized 
from water or methanol. Assay by alkalimetric titration
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TABLE III: D issociation  Constants of M onoesters, pK(HE), and V alues of log K'
of M onoanions, HX , of D icarboxylic Acids in Various Solvents

HE (or HA')

pA'(HE) log K'

W M* AN/ DMSO* M* AN/ DMSO* eq 1

EtHOx

OLOtH 6.30 6.52 g g
MeHMal 3.35° 3.46"
EtHMal 3.34* OcoCO 20.0 10-26 1.0 4.4 2-7(3
MeHSuc 4.49* 9 . 6 21.6 11.9! (-0.2) 3.7 2.1
EtHSuc 4.52*
MeHGlu 9.7! 22.20 1 2 . 4 5 g 2.7g 1.2
MeHAd 9 . 8 7 2 2 . 2 4 1 2 . 6 4 g 1 . 6 (0 .2 )
EtHAd (4.6 0)*
MeHAz g 1 . 2 (0 . 1 )
MeHFum 3.40c 8 . 2 4 19.2 9 .4 5 g g g
EtHFum 3.43*
MeHPth 3.18* 8.5 7 2 0 . 0 9 . 9 3 1.3 5.5 3.4
EtHPth 3.26*

a \y d  Treadwell and E. Wettstein, Helv. Chim. Acta, 18, 200 (1935). 6 P. Glasoe and J. Hutchinson, J. Phys. Chem., 6 8 , 1562 (1964).
c G. Dahlgren and F. A Long. J. Am. Chem. Soc., 82, 1303 (1960). d <.1. Walker, J. Chem. Soc., 61, 696 (1892). e This work. ' Reference 1.
s K' ~0 .

yielded 99.7 ± 0.5% purity, n-Butyric acid was Eastman 
Kodak White Label product distilled at atmospheric pres
sure. Silver salts of the monoesters were prepared as de
scribed for silver benzoate.8 To avoid hydrolysis of the 
monoester (or its anion), the preparation was carried out in 
aqueous solution in an ice bath. The salts were not recrys
tallized. Assay gravimetrically as silver bromide yielded
97.8 and 98.9% purity for the monosuccinate and adipate, 
respectively.

Techniques. Solubilities of the diprotic acids and their 
monoesters have been determined by alkalimetric titration 
in ethanol-water mixtures. Also, paH and paAg measure
ments with the glass and silver wire electrode, respectively, 
were carried out in the same way as in previous publica
tions. All measurements were made at 25 ± 0.1°. The 
method used for preparation and assay of solid solvates of 
diprotic acids and monoesters with DMF or DMSO has 
been described previously.3 A Beckman IR-20 spectropho
tometer with double beam was used to record ir spectra. An 
Irtran cell of 50-g path length was used. The reference 
beam passed through air.

R esults
Solubility of Diacids, Monoesters, and Silver Salts. Sol

ubility data in W, M. AN, DMF, and DMSO of the diacids 
in the homologous series of oxalic acid, fumaric and o- 
phthalic acids, and the corresponding monomethyl or 
-ethyl esters are presented in Table I. The second column 
lists the number of CH? groups in the acid. Correction has 
been made for incomplete dissociation of the diacids and 
monoesters in water, using the dissociation constants in 
Tables II and III. In the other solvents dissociation of the 
diacids and monoesters in their saturated solutions is negli
gible. A number of short-chained diacids and monoesters 
with high solubilities have been checked for crystal solvate 
formation in AN, DMF, and DMSO. Only succinic acid 
formed the solid solvate, FLSuc-l.OoDMSO, while the fol
lowing did not form solvates: adipic acid and monomethyl- 
fumarate with DMSO and succinic and pimelic acids with 
DMF or AN.

As the solubilities of monomethylsuccinate in W, M, and 
AN and monoethyladipate in M and AN in Table I are par

ticularly large (>5 M), values of their pAN7S(HE) were also 
obtained from sAANpK(HE) and sAANpKsp(AgE) using
sAANpK(HE) -  sAANpKsp(AgE) =

p A N 7 S ( H  +  )  -  p A N 7 S ( A g + )  _  p A N 7 S ( H E )  ( 4 )

in which 7 denotes transfer activity coefficients. Values of 
Ksp of the silver salts of the monoesters were estimated 
from paH and paAg in their saturated solutions containing 
a known amount of ester.9 Silver wire and glass electrodes 
were used to measure paAg and paH, respectively. The 
data are presented in Table a.10 The following values of 
pKsp were obtained: AgMeSuc, 8.32 in AN, 7.4 in M, and 
3.56 in W; AgMeAd, 8.9 in AN, 7.6 in M, and 4.O4 in W. 
Under our experimental conditions both silver salts are un- 
complexed and practically completely dissociated in water. 
However, in M and AN, complexation and incomplete dis
sociation are appreciable, K(AgE2- ) being of the order of 
10' and Kd(AgE) = 7 X 10-5 in M for both salts. Owing to 
the low solubility of the silver salts in AN, reliable values of 
these constants in this solvent could not be evaluated. 
Values of /3(HE2- ) = [H2E3- ]/[HE2- ][HE] were calculated 
in AN from paH and paAg in mixtures of HE and AgE, as 
described previously for silver benzoate,9 and were found 
equal to 1.8 X 101 and 2.7 X 101 for the monomethylsucci
nate and adipate ester anions, respectively.

Values of pKj, pKo, pK(HE), and Homoconjugation 
Constants from Potentiometric Data. In DMSO and M, 
pK\ and pf<2 values of malonic, succinic, glutaric, and 
adipic acids were estimated from the paH, measured with 
the glass electrode, in mixtures of the diacid and mono- 
tetraethylammonium salt or mono- and ditetraethylammo- 
nium salts. Figure 1 presents plots in DMSO of paH vs. log 
C(H2A)/(HA_)f_. In addition, in DMSO or M, paH was 
measured in equimolar mixtures of H2A-HA~ and of HA~- 
A2_ prepared by partial neutralization of azelaic or fumaric 
acid with 1.1 M tetramethylammonium hydroxide (in M).1 
Since monoesters of oxalic acid are unstable, values of 
K(HE) of monoethyloxalate in W, M, and DMSO were ob
tained from the paH of mixtures of 0.001 to 0.02 M potassi
um monoethyloxalate with standard hydrogen chloride. 
Data are presented in Table b.10 In these three solvents hy
drogen chloride and the potassium salt of the monoester at
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pal  I

Figure 1. Plots of paH vs. log C(H2A)/fC(HA_) in DMSO: (1) butyric 
acid (with Me4NOH in M) C(A_) = 0.00258; (2) adipic acid, C(HA- ) 
= 0.00354; (3) glutaric acid, C(HA_) = 0.0050; (4) succinic acid, 
C(HA- ) = 0.0042. Dashed line has a slope of —1.00.

A  p a H

Figure 2. Effect of methanol on paH of mixtures of monomethylsuc- 
cinate and its tetramethylammonium salt in AN and in DMSO: (•) Ca 
= 0.0203, Cs = 0.00279 M in AN, paH0 = 18.54; (O) Ca = 
0.00400, Cs = 0.00334 M in AN, paH0 = 21.06; (A) Ca = Cs = 
0.00215 Min DMSO. paH0 = 11.81.

the concentrations used can be regarded as strong electro
lytes. In dilute solutions in these solvents the monoester 
appears to be remarkably stable. The potassium salt of the 
ester has too small a solubility in AN to permit making in 
this solvent similar measurements as above. Values of 
ff(HE) of the other monoesters in DMSO and M and of 
Ai(HA) of butyric and mono- and dichloroacetic acids in 
AN were obtained from paH in equimolar mixtures of the 
acids and tetramethylammonium hydroxide.11

In all instances the effect of M introduced with the ti- 
trant on paH of mixtures of H2A. HA, or HE was taken 
into account. It was assumed that the methanolation con
stants of the monovalent anions were the same as that of 
the monomethylsuccinate ester anion. Frcm the effect of M 
on paH of nearly equimolar mixtures of monomethylsucci
nate and its anion in AN and in DMSO, p.otted in Figure 2, 
the following values were found; X(MeOH-E~) ~  1.0, 
K(2MeOH-E_) = 4.6 X 101 in AN and 3.0 and 3.5, respec
tively, in DMSO. For the fumarate and azelate dianions in 
DMSO K(MeOH-Fum2_) = 4 (unpublished data) was used. 
Activity coefficients were calculated from the partially ex
tended Debye-Hiickel limiting law, —log /  = Az2x-'7x7( 1 + 
Bax/jl) where A — 1.64 in AN, 1.10 in DMSO, 1.90 in M

1179

3600 3200 2800 2400 2000 1800 '600 1400 I200
Wave Number cm'1

Figure 3. Ir spectra of glutaric acid, tetraethylammonium biglutarate,
and a 1:1 mixture of the two in acetonitrile: (----- ) solvent (___ )
0.261 M H2Glu, (------ ) 0.263 M  Et4NHGIu, (-X-X-X-X-) 0 252 M
H2Glu, 0.259 MEt4NHGIu.

Absorbance

Wave Number cm'1
Figure 4. Ir spectra in (CD3)2SO of succinic acid, tetraethylammo
nium bisuccinate, the mixture of the two. and of tetraethylammonium
biglutarate: (----- ) solvent, (-------) 0.172 M succinic acid, (---- )
0.282 M tetraethylammonium bisuccinate, (-O-O-) 0.374 M  tetraeth
ylammonium biglutarate, (-X-X-X) 0.151 M succinic acid, 0.132 M 
tetraethylammonium bisuccinate.

and B = 0.49 in AN, 0.42 in DMSO, and 0.51 in M. In Table 
II are presented pKt and pK2 values of diacids in W, M, 
AN, DMF, and DMSO and overall homoconjugation con
stants, Khomo, of H2A with HA- and HA- in AN and 
DMSO. Values of pK\ and pK2 in M reported by Liteanu 
and Blazsek-Bodo12 were obtained from glass electrode 
measurements using sodium methoxide as titrant. The 
presence of Na+ ions may give rise to relatively large alka
line glass electrode errors. With malonic and oxalic acids 
our pK2 values are some 2 units greater than those re
ported by Liteanu et al. For these reasons their values are 
not included in Table II. In Table III are listed values of log 
K' of the monoanions and pA(HE) of the monoesters in W, 
M, AN, and DMSO.

Infrared Spectra. Ir spectra in AN of glutaric acid, 
tetraethylammonium biglutarate, and a 1:1 mixture of the 
two are presented in Figure 3, while Figure 4 presents ir 
spectra in (CD:d2SO of succinic acid, tetraethylammonium 
bisuccinate, and a mixture of succinic acid and bisuccinate. 
A spectrum of biglutarate in (CDsLSO is included in Fig
ure 4 for comparison with that in AN.
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D iscussion
Transfer Activity Coefficients. The solubility in W and 

AN of most of the diacids is such that their saturated solu
tions can be considered as ideal. From the values of 
[H2A]sat. expressed in molarity (Table I) values of pAN- 
7W(H2A) were calculated and are listed in Table IV. It is of 
interest to note that pANyw(H2A) increases by 0.37 unit 
per -CH2- group in the chain. For example, pAN7W(H2A) = 
- 1.2 for succinic and + 1.0 for sebacic acids, the difference 
yielding 2.2/6 = 0.37 per -CH2-  group. The solubility of 
most of the diacids, H2A, in DMSO and DMF, and of the 
diacids with an odd number of -CH2-  groups in M, is too 
large to consider molarity equal to activity in the saturated 
solutions. For these acids values of pAN7DMF’DMSO(+[2A) 
from solubility data involve an uncertainty of ±0.3 unit 
and they are reported in parentheses in Table IV. It is 
striking that for the acids with an even number of -CH2-  
groups pAN7M’DMSO(H2A) is constant and equal to —1.5 for 
AN —► M and —2.0 for AN -» DMSO. Hence for these acids 
pM.DMso^w ĵ-^A) also increases by +0.37 unit per -CH2- 
group. In this connection it is of interest to note that from 
solubility data13 it appears that pM7W of normal aliphatic 
hydrocarbons becomes 0.48 unit more positive per -CH2-  
group. This suggests that changes in pM7VV(H2A) (H2A 
with an even number of-CH2-  groups) with the number of 
-C H ^ groups can be identified with the hydrocarbon part 
of H2A. Making the reasonable assumption that the solva
tion of the carboxyl groups by hydrogen bonding to the sol
vents is independent cf A in H2A, we write

pAN7S(H2A) = 2pAtV (H a) + pAN7s(n) =
pAN7S(Ha) + pAN7S(HE) (5)

In eq 5 pAN7S(Ha) denotes the difference in hydrogen bond 
accepting capacity between AN and S and pAN7s(n) the 
contribution of the nonhydrogen bonded nonelectric com
ponent of the transfer activity coefficient. Using values of 
pAN^M^pjj = —1.5" and pAN7DMS0(Ha) = —1.93 we obtain 
from eq 5 pAN7M(n) = +1.53 and pAN7DMS0(n) = +1.8 for 
H2A with an even number of -CH2-  groups. These values 
of pAN̂ ,M.DMSO(n) represent the effect of the two carboxyl 
groups, this effect being the same in H2A as in the corre
sponding HE.

We now consider values of pANys(HE) (reported in 
brackets in Table IV) calculated from eq 5 using pAN- 
7S(H2A) values in Tasle IV and the above values of pAN- 
7S(Ha). When S = W, a correction of +0.6 unit per -C H ^ 
group in the alcohol part of the ester has been added, as 
was done for the benzoate esters.14 Using the value of pAN- 
7wiHa) = —0.8 previously reported3 and the values of pAN- 
tw(H2A) in Table IV, we calculate from eq 5 
pAN7VUMeHSuc) = +0.2 and pAN7w(MeHAd) = +0.9. 
Similarly, the corresponding values for AN —► M are 0.0 for 
both acids. These values are to be compared with those ob
tained from eq 4. Using values of VV MAANpA(HE) (Table 
III), W'MAANpK*P(AgK) (Results), pAN7vv(Ag+) = +3.8,6 
pAN7M(Ag+) = +5 l ,6 pAN7W(H+) = -10.2,6 and
pAN-y,M(pj+) = —6.2,6 good agreement is found between the 
values of pAN7WM(MeHSuc) and pAN7 'V M(MeHAd) in 
Table IV obtained from eq 4 and 5. It is reasonable to ex
pect that pAN7M-DMS0(jjg) ~  0, as the solubilities in AN, 
DMSO, and M of a given monoester of the homologous se
ries of oxalic acid (with an even number of -C H ^ groups) 
are practically the same.

Intramolecular Hydrogen Bonding in Monoanions. An

expression describing the effect of solvent on K' is simply 
derived from eq 6- 8. Regarding that HA” is not intermole-
log ( X ') a n  -  log (K’)s = anAs logA' =

PAN7S(HA”) -  p an7s(HA”) (6)

(cf. eq 1)
pAN7S(HA-) = pAN7s(n) +

pAN7S(HA-)el + pA1V (H a) (7)

pAN7s(HA”) = pAtV (n )  + pAN7s (HA-)e] (8)

eularly hydrogen bonded to the solvents (eq 8) and consid
ering that pAN7S(n) is the same in HA” as in HA”, eq 9 re
sults
anAs log K' = —pAN7s(Ha) +

pAN7s(HA-)el -  pA1V (H A -)el (9)
When S is an aprotic solvent, pAN7s(HA”)ei ~  pAN- 
ys(HA”)el ~  0, and

anAs log K' = - p AN7s(Ha) (90
The values of K' of the various diacids in DMSO and of 
succinic acid in DMF in Table III are all considerably 
smaller than those in AN, as expected. Between the sol
vents AN and DMSO the average value of r>MSO_̂ AN j0g ¡¿r 
= —1.7 ± 0.1, which agrees well with pAN7DMS0(Ha) = 
—1.9,3 omitting azelaic acid, the K' value of which is too 
small in DMSO to he considered reliable. For succinic acid 
in DMF dmf^ an log K' = —1.3,15 in agreement with 
pAN7DMF(Ha) = —1.4.3 This agreement lends strong sup
port to the assumptions made in deriving eq 9'. The prem
ise that intermolecular hydrogen bonding.of HA” with the 
aprotic solvents is negligible is supported by the ir results 
(vide infra) and the fact that jio appreciable effect of 
DMSO up to 0.7 M on the paH of mixtures of tetraethy- 
lammonium bisuccinate and succinate is observed in AN.1 
For biphthalate ion in DMSO Forsen10 observed a large 
downfield PMR chemical shift ( — 15 ppm from H20  as ex
ternal standard) and attributed this to a strong symmetri
cal intramolecular hydrogen bond and to the effect of plac
ing a negative charge in proximity of the hydrogen bonded 
proton.17 The fact that intramolecular hydrogen bonding is 
absent in bioxalate in the solvents W, M, and DMSO (K' ~  
0) must be attributed to steric hindrance.

Considering that methanol is a slightly stronger hydro
gen bond acceptor and about an equally strong donor as 
water, it is expected that values of K' in M of monoanions, 
whose conformation would not greatly favor intramolecular 
hydrogen bonding in water, would be practically equal to 
zero. This has been found for succinic and longer straight- 
chained acid monoanions in Table III and for bicy- 
clo[2.2.2]octane-l,4-dicarboxylic acid monoanion,18 while 
Christol et al.19 found K' ~  0 for the trans-4-cyclohexene-
1,2-dicarboxylic acids in methyl cellosolve (t 17) in contrast 
to values of log K' equal to 1-2 for the cis isomer. It is 
unexpected that bimalonate and biphthalate ions are rath
er strongly intramolecularly hydrogen bonded in M, the 
values of K' being about 10 and 12, respectively, while K' of 
these monoanions in water is zero.2’20 From anAm log K' =
3.4 and 4.2 for bimalonate and biphthalate, respectively, 
and eq 9 taking pAN7M(Ha) = —1.53 and assuming 
pAN7M(HA”)e] ~  pAN7M(0 Ac”)ei = —8,3 we obtain
pAN7M(pjA~)e| of the order of —5 to —6, attesting to a large 
electrostatic free energy of solvation to the carboxylate 
group of HA” by M. It deserves further study to establish
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T A B L E  I V : T r a n s fe r  A c t iv ity  C o effic ie n ts  o f D ib a s ic  A c id  Species and  M on oesters  o f D ip ro tic  A cids

Suc- Su- F u-
Acetic cinic G lu taric Adipic P im elic b e ric A zelaic Sebacic m arie o -P h tha lic

py(H2A) An — ►W -0 .4 - 1 .2 i (—0.9)c -O . 5 4 —0 .2 2 + 0 .2 6 + 0 .6 8 + 1 .0 2 - 1 . 0 - 0 . 2

AN AN — » M -0 .4 —1.5 0 (-O.8 0 ) - I . 4 5 ( - I . I 4 ) -1 .4g -1 .3 ? —1.50 -1 .9S -1 .7
AN — *- DMF - 0 . 2 (-1.9) (-1.9) ( - I . 2 5 ) -1 .9 i (-1.6) -2 .0 6 b
AN — ► DMSO -1 .2 (-1 .9)“*6 (-1.9)° (-1.9) (-2.0) (—1.7) -2 .2 (- 2 .8 ) (-2.2)

py(SHA") AN — » W -9 .8 -6 .5 (-7.7) -8 .3 -7 .4 -8 .5 -3 .4
AN — ► M -7 .0 -3 .8 (-4.45) - 6 . I 5 -6 .4 -2 .5
AN —*■ DMF +1.6 (+1.2)
AN — >- DMSO +0.5 (+1.4) (+1.2) (+ 1 .0 ) (+0.9) (-0.8) (+1.2)

py(A2")ft AN — »- W -21 .9 (-22.1) -21 .7 -18 .7 -18 .9 -19 .7
AN — » M -15.1 (-14.7) -15 .8 -12 .7 (-16.3)
AN — ► DMSO (+0.5) (-0.1) (-0.4) (+1.1) (-1.1) (-1.2)

py(MeHA) AN — ► W 1 +0.4* 1j +0.8* Ji [+2 .4]' / [+0.4]' ([+ 1 .2 ]'
[+0 .2]' <[+0 .9]' 1l (+3 ,0g)e’/ \ +0.4e l ( + l . l 5)e[ (—0.2)« !(+1.44)e,/

AN —*-M \, -0.2* 1-0.3* J [0 .0]' ( [-0 .5 ] ' ( [ -0 .2 ] '
1[0 .0 ] ' [+O.O5 ] ' 1[o.o]e,/ l [—0.7]e( —0.2s
I1 (—0.i;»e '(0 .0)8- '

py(MeHA) AN —*■ DMSO J([0 .0]' J [-0 .3 ] ' 1 [—0.9 ]')[ (O.O)®’^ t(0.0)ei/ l <-!.:)*
“ Value of -1.9 taken for pAN7 DMS0(H2A), since pAN7 DMS0(H2A) is independent of chain length. 6 Solid solvate formed. c Interpolated 

from plot of pAN7 w(H2A) vs. n in (CH2)„(COOH)2. “ From solubility of silver salt of monomethyl ester and eq 4. f From solubility of mono
ester. 1 P7 (EtHA), corresponding values of pAN7 w(MeHAd) = +0.8 and pAN7 w(MeHSeb) = +2.4; pAN7 M'DMS0(EtHA) = AN7 M.DMS0- 
(MeHA).e Calculated from p7 (H2A) using eq 5, see text. A pANyDMF(Suc2 ) = 0.0.

whether the stronger intramolecular hydrogen bonding in 
M than in W is to be attributed to the lower dielectric con
stant of the latter.

Infrared Spectra. In Q./!6-0.37 M tetraethylammonium 
biglutarate and biadipate solutions in CH3CN, CD3CN, 
and bisuccinate in (CD3)2SO strong absorption starting at 
1730 cm-1 to at least 900 cm-1 is observed, while little or 
no absorption is" found at higher frequencies (Figures 3 and
4). The carbonyl band is practically absent in these spectra. 
This pattern indicates strong symmetrical intramolecular 
hydrogen bonding21 in HA- in AN and DMSO, possibly 
with extensive proton tunneling and absence of significant 
intermolecular hydrogen bonding with these solvents. As 
expected, glutaric and acetic acid (the spectrum of the lat
ter not given) in CH3CN (Figure 3) and CD3CN (not in a 
Figure) exhibit the “free” OH stretching band22 from 3500 
to 2900 cm-1, the absorption of glutaric acid being about 
twice that of an equimolar solution of acetic acid.'On the 
other hand, this band is absent in 0.17 M succinic acid in 
(CD.3)2SO and is replaced by a broad absorption from 3200 
to <1000 cm-1 (Figure 4). A similar result is found in solu
tions of trifluoroacetic acid in sulfolane to which dimethyl 
sulfoxide has been added23 which has been ascribed to in
termolecular hydrogen bonding of the carboxyl group with 
DMSO. This is supported by the fact that the carbonyl 
stretching band at 1734 and 1746 cm“ 1 for glutaric (Figure
3) and acetic acids, respectively, in CH3CN is shifted to 
1700 cm-1 in succinic acid solution in (CD3)2SO (Figure 4).

Of particular interest is the spectrum o: the homoconju
gate of the glutaric acid-biglutarate mixture in C H 3C N  and 
CD3CN. The “free” OH stretching band in the homoconju
gate is reduced to about half that in an equimolar solution 
of the free acid (Figure 3), only one carboxylic acid group in 
HA“-H2A containing a “free” hydroxyl group. Strong ab
sorption is found from 2900 cm-1 to the Irtran cell cutoff at 
760 cm-1, which is much greater than that of glutaric acid

alone. Considering that the biglutarate does not absorb be
tween 2900 and 1900 cm-1, the strong absorption in this re
gion is attributed to intermolecular hydrogen bonding be
tween the carboxylate ion and the acid, H2A, in the homo
conjugate, while the strong absorption at lower frequencies 
is attributed to both inter- and intramolecular hydrogen 
bonding. Furthermore, the broad carbonyl band(s) in H2A- 
HA- occur(s) at ~1700 cm-1 in AN. Thus the spectrum of 
the glutaric acid-biglutarate mixture in AN (Figure 3) 
lends strong support to the conclusion drawn from equilib
rium data in much more dilute solutions that in the homo
conjugate the carboxylate group is intramolecularly hydro
gen bonded to the carboxylic acid group in HA- and inter- 
molecularly to H2A. The spectrum does not exclude homo
conjugation between HA“ and H2A, the contribution of 
which must be very small. As expected, the spectrum of the 
mixture of succinic acid and bisuccinate in DMSO is rough
ly the sum of the components (Figure 4) as homoconjuga
tion is negligible.

Inductive Effects on pK(HE) and pK\. The values of 
pK(HE) of the monoesters in M, AN, and DMSO in Table 
III increase markedly at first with increasing chain length, 
level off at monomethylglutarate, and become practically 
equal to pif(HOAc) for monomethyladipate. This is attrib
uted to the inductive effect of the carbalkcxyl group as in 
water.2 As expected, the inductive effect is particularly 
large in monomethyloxalate and monomethylfumarate, 
while in the o-phthalate half ester the steric inhibition of 
resonance effect operates in addition to the pclar effect of 
the ortho carbalkoxyl group. In a given monoester the in
ductive effect on pE(HE) of the carbalkoxyl group is great
er in the dipolar aprotic solvents than in water or metha
nol, which gives rise to resolution of acid strength. Thus, a 
plot of p/i(HE) of monomethyladipate, -glutarate, -succi
nate, -fumarate, including pK(HA) of acetic, butyric, and 
monochloro- and dichloroacetic acids in AN vs. that in M is
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linear with some scattering and has a slope of 1.8, which is 
practically equal to that observed of non-ortho-substituted 
benzoic acids:! of 1.7i. A similar plot in DMSO vs. M (in
cluding monoethyloxalate) has a slope of 1.8. Like for the 
substituted benzoic acids (HA), no resolution of acid 
strength of the monoesters is found between AN and 
DMSO, ANAnMSOpK(HE) = anAi,ms()pA:(HA) = 9.7 ± 
0.1s. For fumaric acid, whose monoanion is not intramolec- 
ularly hydrogen bonded in any of the solvents used, 
ANADMS0pK(HE) = ANADMS°pK(HA) = 9.7 ± 0.1S. For 
fumaric acid, whose monoanion is not intramolecularly hy
drogen bonded in any of the solvents used, ANAnMSOpA, =
9.4. Also. pK\ of fumaric acid lies on the plot of 
pK(HE)M-AN- The values of ANAMpK’i(H2Fum) and 
ANAMpK(MeHFum) are equal to 10.6 and 10.96, respec
tively.

From the analytical viewpoint it is of interest to mention 
that (pKo — pKi) in AN as an average is 4.2 units greater 
than for the same diprotic acid in DMSO. Hence the break 
in pH at the first equivalence point with water- and alco
hol-free titrant is considerably greater in AN than in 
DMSO.
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The simultaneous impingement of an atomic beam of magnesium and certain volatile species containing 
halogen atoms under high vacuum (s>10-6 Torr) can condition metal and glass surfaces so that magnesium 
does not condense or stick to such surfaces even at temperatures less than 300°K. The reduced sticking 
coefficient under such carefully adjusted conditions causes atomic magnesium to behave as if it were a 
semipermanent gas. The equilibrium vapor pressure of magnesium metal is negligibly small, »10~21, at 
300° K, however, room temperature reservoirs containing apparent magnesium partial pressures of ap
proximately 10~6 Torr have been produced. A large number of volatile substances have been tried to deter
mine which types can cause the effect. Alkyl bromides and iodides produce the effect but aikyl chlorides do 
not. Experimental evidence supporting the assignment of the volatile magnesium species as atomic magne
sium has been obtained from several independent areas including mass spectrometric studies, matrix isola
tion spectroscopy, and effusion rate measurements. Numerous other metals have been studied under simi
lar conditions but none have demonstrated the magnesium behavior except for a weak effect observed for 
zinc. Based on general experimental observation, a possible surface layer responsible for the magnesium ef
fect is proposed.

Introduction

Magnesium was one of the first high temperature species 
investigated utilizing the rare gas matrix isolation tech
nique.1 Recently, new findings have been reported for 
atomic magnesium trapped in argon, nitrogen, and krypton 
matrices at 12° K that indicate a strong interaction between 
excited magnesium atoms and the rare gas atom which pro
duces an unusual ultraviolet emission band.2 The reactions 
of vaporized magnesium with hydrogen atoms to form the 
paramagnetic species, MgH, and with oxygen to form 
MgsOa have also been reported.34 The condensation of 
atomic magnesium at 77°K with alkyl halides and other 
volatile organic compounds have produced interesting 
chemical reaction systems.5

Experiments originally designed to study the vibrational 
characteristics of frozen deposits of sublimed magnesium 
atoms and alkyl halides at 77°K utilizing infrared and 
Raman spectroscopy have resulted in the study and charac
terization of an unexpected property of magnesium atoms. 
Admittance of trace amounts of certain volatile chemical 
species simultaneous to the Knudsen cell vaporization of 
magnesium metal in a high vacuum (10—7 Torr) apparatus 
appears to significantly reduce the effective sticking coeffi
cient of magnesium atoms on the various metal and glass 
surfaces present. Under such conditions magnesium atoms 
are transferred through various sections of the apparatus 
and tubing at ambient temperatures in a manner usually 
associated with permanent gases. Ordinarily nonvolatile 
materials vaporized from high temperature Knudsen cells 
under high vacuum conditions are expected to condense or 
stick with 100% efficiency on ambient temperature surfaces 
and hence their presence can be detected only in direct 
line-of sight regions relative to the effusion source. The 
normal expectation is observed when magnesium is vapor
ized in the absence of trace quantities of certain volatile 
components.

Extensive mass spectrometric and optical spectroscopic 
studies have been conducted to ascertain that the volatile

species is actually magnesium atoms and not a volatile 
magnesium containing compound. The approximate equi
librium vapor pressure of magnesium at 300°K, obtained 
by extrapolation of existing data at higher temperatures, is 
10~21 Torr.6 The effective partial pressure of magnesium 
atoms at 300°K under the experimental conditions de
scribed in this report is approximately 10~6 Torr. The type 
of experimental observations reported here for magnesium 
atoms have apparently not been previously described for 
vaporized metals.

E xperim ental Section

Equipment. A schematic of the basic apparatus is shown 
in Figure 1. An ionization pressure gauge, not shown, is 
mounted directly in the wall of the vaporization chamber 
on level with the gas inlet tube. The chamber was con
structed from 4-in. i.d. stainless steel tubing with the vari
ous flanges and parts heliarced in place to form leak-tight 
joints. The flange containing the water cooled copper elec
trodes is bolted in place over a viton O ring and can be re
moved for sample loading purposes. The vaporization cell 
is resistively heated and constructed from tantalum tubing, 
end plugs, and mounting straps. Typically, the effusion 
hole diameter was 0.066 in. The gas inlet tube usually em
ployed was a 0.125-in. diameter stainless steel tube which 
was connected through a needle valve to the gas manifold 
and reservoir system. Ordinarily, a quartz window was used 
as a target so that visual inspection of the metallic deposit 
was possible. A copper cup mounted horizontally on a steel 
flange as indicated by the dashed lines in Figure 1 was sub
stituted for the quartz window on several experiments. The 
cup served the purpose of confining the region of encounter 
between the* metallic deposit and gas impingement. The 
cup was supported inside a coil of copper tubing whose 
ends extended through the support flange. Hence, subam
bient temperature control of the target cup was possible by 
passing cold nitrogen gas through the support coil. The 
temperature was measured by a chromel-alumel thermo-
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Figure 1. The basic vaporization apparatus is shown in relation to its 
vacuum system and the connection to the time-of-flight mass spec
trometer. Valves A and B are 15-mm teflon and glass stopcocks. 
The electrodes are 0.5-in. water-cooled copper tubes.

Figure 2. A shows the mass range from 20 to 30 at an electron en
ergy of »10 eV. The three magnesium isotopes, 24, 25, and 26, are 
clearly distinguishable from the more complex pattern shown in B at 
70 eV. At 8 eV the magnesium peaks are the only ones detectable 
from mass 1 to 300.

couple attached to the cup. A Bendix 4-in. pumping system 
consisting of a gate valve, liquid nitrogen trap, water baffle, 
and diffusion pump is mounted directly below the vapor
ization chamber. Eiackground pressure for a thoroughly 
clean and baked system utilizing liquid nitrogen was ap
proximately 5 X ID-3 Torr. Helium mass spectrometric 
leak testing was performed on the gas handling and vapor
ization chamber on a routine basis. The tantalum cells were 
outgassed by heating to 2000° under high vacuum before 
usage.

The exit port (O-ring quick connect couple, 0.75-in. i.d.) 
located at the top of :he vaporization chamber (Figure 1) 
allows for convenient interchange of various apparatus 
used to study volatile components effusing from the cham
ber. A 5-1. glass bulb _s shown at this position in Figure 1 
for the effusion rate studies. Condensation cold traps and 
metal and quartz pyrolysis tubes were also used between 
the vaporization chamber and the mass spectrometer as 
discussed in later sections. The exit of the 0.75-in. o.d. glass 
tube leading into the mass spectrometer was positioned di
rectly into the ion source region. The mass spectrometer 
employed was a Bendix time-of-flight Model 12-101 outfit
ted with the MA-RK-IV solid state electronic unit. Initial 
phases of the study were conducted on a Picker AEI Model 
10 magnetic mass spectrometer. Concern over possible 
thermal degradation of sample in the ion source region as 
well as the need for higher mass coverage prompted the 
change to the time-of-flight model. However, the prelimi
nary findings on the magnetic spectrometer did not conflict 
with those obtained on the time-of-flight instrument.

General Procedure and Basic Observations. A typical 
procedure for the various experiments is described below. 
Every part of the apparatus was thoroughly cleaned with 
hydrochloric acid fall awed by boiling water and rinsing 
with a nonpolar solvent such as pentane. The apparatus 
was then assembled, loaded with an empty tantalum vapor
ization cell, evacuated and leak tested. The cell was out- 
gassed and heating wire was used to bakeout all surfaces at 
»100° under vacuum cvernight. A mass spectrogram of the 
system showed no increase in any background masses over

those commonly seen in the mass spectrometer alone. Next 
the liquid or gas sample was loaded into the gas manifold 
and leaked into the vaporization chamber via' the gas inlet 
tube. Liquid samples were purified prior to- use on a con
centric tube distillation column until their refractive in
dices matched those reported in the liteTature. A careful 
mass spectrometric analysis was performed on the admit
ted gas sample to ascertain that the hot tan taluni'cell did 
not produce any measurable thermal degradation by-prod
ucts. The only masses observed were those that could be 
assigned to the expected cracking pattern of thè particular 
sample used. The cell was then removed and loaded with 
chunks of magnesium metal. Several different sources of 
magnesium metal, ranging from 99 to 99.99% purity, were 
used with no perceptible difference in the results. In addi
tion, Alfa Inorganic magnesium chips, 99.99% purity, were 
sublimed in this laboratory before use. For an actual mag
nesium experiment the vaporization cell was heated to ap
proximately 440° where the vapor pressure of magnesium 
is about 10-2 Torr. Since the cell was heated resistively and 
supported at its ends, there was obviously a substantial 
thermal gradient along its length. Consequently these tem
peratures measured at the cell center and corresponding 
vapor pressures represent approximate ranges only. The 
melting point of magnesium is 650°. With the gas flow off 
and the vaporization cell at »440° no unusual masses were 
detected in the mass spectrometer. Background pressure 
under these conditions as measured on the ionization gauge 
was approximately 5 X 10~8 Torr. After several minutes a 
metallic film was readily detectable on the line-of-sight 
quartz target. With the magnesium vaporization cell on, 
admission of certain gases at rates sufficient to cause the 
background pressure in the vaporization chamber to in
crease from 5 X 10-8 to ~1 X 10-6 Torr would cause the 
appearance of signals in the mass spectrometer at masses 
24, 25, 26 in the intensity ratio consistent with the isotopes 
of magnesium atoms, 79, 10, 11, respectively (see Figure 2). 
Hereafter, gases that cause such an effect will be referred 
to as “active”. The magnesium signals would disappear im
mediately upon cooling the vaporization cell and would
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gradually vanish over a period of several minutes after clos
ing the gas inlet valve. In all cases the signals were only ob
served during the simultaneous vaporization and gas im
pingement process. Passage of gas over freshly deposited 
magnesium (with cell off) would not produce the signals.

Results
Specific experiments were conducted to determine the 

identity of the magnesium species effusing from the vapor
ization chamber under the conditions described above. Ap
parently, all the known compounds of magnesium have 
negligible vapor pressure at room temperature. Extensive 
searches were made to detect higher mass fragments or 
parent masses containing magnesium. Utilizing ionization 
energies from 6 to 70 eV we expected to find a type of mag
nesium complex or compound which was sufficiently vola
tile to explain the appearance of magnesium ion signals in 
the mass spectrometer. However, no higher masses were 
detected that could be associated with the Mg+ signals. 
Lack of detection of such a parent peak could result from 
instability of the parent ion formed from electron bom
bardment in the ion source region. However, parent ions 
from such weakly bonded species as Ar2 and ArHCl can be 
readily detected.7 The failure to detect a parent mass is 
certainly not sufficient evidence alone to conclude that the 
volatile magnesium species is atomic magnesium, but cou
pled with thè following observations such a conclusion 
seems to be a valid one.

Mg+ Appearance Potential. The appearance potential of 
Mg+ was determined by the standard linear extrapolation 
method for all three isotopes and checked for internal accu
racy with several reference gases including argon, mercury, 
and ethyj bromide. The measurement was performed in 
both the tirtie-of-flight and magnetic mass spectrometers 
yielding a consistent value of 7.6 ± 0.2 eV compared with 
the known ionization potential of atomic magnesium of 
7.64 eV.8 The uncertainty in the appearance potential mea
surement and the lack of knowledge concerning possible 
ionization fragment species does not permit a definite as
signment of the observed magnesium ion peaks. The mea
sured appearance potential was independent of the partic
ular active gas employed.

Active and Nonactive Gases. Numerous experiments 
were conducted to determine what types of gases were ac
tive and if there existed varying degrees of activity. Nonac
tive gases include Ar, Xe, O2, N2, H2O, Cla, CO, C02, SO2, 
NO, N20, CS2, NH3, CF4, CH3CI, CH3OH, CH3CN, n- 
CeHu, (C2H5)20 , and 1-hexyne. Careful experiments were 
done with several of these to eliminate the possibility of 
magnesium vapor transport by entrainment in the gas 
beam. Such a process would certainly no', be expected at 
the extremely low system pressures used. In fact, we tried 
to produce such an effect with unusually high argon and 
methyl chloride flow rates but with no success.

Active gases found were straight and branched alkyl bro
mides and iodides, HC1, HBr, CH2C12, CHC13, CCI4, and 
CH3COCI. The relationship between background pressures 
in the active series, CH2C12, CHCI3, and CC14 and intensity 
of the Mg+ signal is illustrated in Figure 3. The pressures 
are those taken directly from the ionization gauge and have 
not been corrected for inherent differences in ionization ef
ficiency of the various gases. The constancy of the vapor
ization rate of magnesium metal was confirmed by repeat
ing the series of measurements in reverse order. The in
creased activity as determined by the Mg+ signal intensity

O
> -°
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in .•**"’* v
2  I /  ;U-i O ; *
I -C H  ■ CHCL
2  -  /
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Figure 3. The relative Intensity of the Mg+ signal is plotted vs. the 
background pressures of the indicated active gases. For these mea
surements the Mg deposit rate was kept constant. Note the large dif
ference in Mg+ intensity produced by CH2CI2 compared to CCI4. 
C H 3 CI is totally inactive (see text).

for a given pressure of active gas as the number of chlorine 
atoms increases can be readily seen from the plot. A similar 
curve for ethyl bromide and iodide occurs approximately 
between CCI4 and CHCI3. Note that each gas has a final 
plateau region at the highest pressures shown. Further in
creases in pressure resulted in decreased intensity of the 
Mg+ signal. Both HC1 and HBr appeared to have high ac
tivities although accurate comparative measurements for 
these were not made.

Matrix Isolation Spectroscopy. The matrix isolation 
technique for spectroscopic application is well established 
and will not be discussed in detail.9’10 The method was ap
plied to aid in the identification of the volatile magnesium 
species. Apparatus details for the system used have been 
reported elsewhere.2

Valve A (Figure 1) was connected via a bent section of 
flexible metal tubing to tne matrix isolation apparatus. An 
Air Products Model CS-202 closed cycle helium refrigera
tor system was used to cool a lithium floride window to 
12°K where Matheson research grade argon and the effu
sion species from the vaporization chamber were con
densed. The argon inlet tube was located 3 cm directly in 
front of the 1-in. diameter lithium fluoride window. The 
matrix dewar apparatus had an independent high vacuum 
system and utilized outer quartz windows mounted on level 
with the inner lithium fluoride deposition surface. Ultravi
olet light from a deuterium continuum source operating at 
approximately 40 W was passed through the room temper
ature outer quartz window and the inner lithium fluoride 
window. The transmitted light was then focused onto the 
slits of a Jarrell-Ash 0.5-m Ebert scanning spectrometer 
employing a 1140 lines/mm grating blazed at 3000 A and 
photomultiplier detection. The ratio of argon to trapped 
species (commonly referred to as the M/A ratio) was varied 
over a range from approximately 1000/1 to 100,000/1 on 
various experiments.

The ultraviolet spectrum obtained was in agreement 
with previous studies reported for magnesium atoms in 
rare gas matrices utilizing a direct atomic beam magnesium 
source.1’2 The atomic absorption attributed to isolated 
magnesium atoms in an argon matrix occurs at 2815 ± 5 A
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Figure 4. A function showing the decrease in Mg+ intensity is plotted 
against 1/T. I0 is the Mg+ intensity at 300°K and / is the intensify at 
higher temperatures. The quantity [(/0 -  1)11) is assumed to be pro
portional to the first-orcer rate constant of the process responsible 
for removing Mg from the vapor phase (see text).

and is assigned to the OsSp^P — (3s2)1S transition. Atom
ic bands in rare gas matrices are usually quite broad (250- 
1000 cm-1) and exhioit structure not seen in the gas-phase 
spectrum. All the active gases tested, the bromides, iodides, 
HC1, HBr, and CCU, produced identical matrix spectra. No 
bands were detected from 2000 to 7000 A which have not 
been previously associated with isolated magnesium atoms. 
The necessary experimental conditions for producing the 
ultraviolet bands in the matrix isolation experiment were 
identical with those required for Mg+ detection in the mass 
spectrometer. As mentioned previously, the gas flow and 
vaporization cell had to be operated simultaneously.

The results of the matrix isolation study support the 
atomic magnesium assignment but are not conclusive since 
the bands are broad and interactions with the matrix atoms 
themselves might dominate. In other words, magnesium 
atoms bound and transported in a van der Waals type com
plex might appear atomic in nature, at least in the matrix 
experiment.

Pyrolysis. Volatile species effusing from the vaporization 
chamber were pyrolyzed by passage through either quartz 
or stainless steel tubes 0.62 in. i.d. and approximately 18 in. 
long connected between valve A (Figure 1) and the mass 
spectrometer. The tube was wrapped with several layers of 
heating tape and insulated to improve temperature unifor
mity. Three thermocouples were stationed against the tube 
wall at different positions for temperature measurement. 
All thermocouples agreed within 3° over the range investi
gated. Dissociation data for bicyclopentadiene was mea
sured on our apparatus as a function of temperature so that 
it could be compared to earlier VLPP (“very low pressure 
pyrolysis”) work reported by Benson and Stokes.11 The 
20% dissociation value they obtained at 720°K was satisfac
torily duplicated.

Prior to a specific pyrolysis experiment the active gas 
alone was passed through the tube at the highest tempera
ture to be used and its mass spectrogram recorded to ascer
tain that it would no' dissociate. The pyrolysis measure
ments consisted of recording the Mg+ intensity as a func
tion of temperature with the active gas flow rate and vapor
ization cell temperature constant. The temperature depen
dence of the apparent first-order rate constant is plotted in 
Figure 4. The percent dissociation was reversible with tem
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perature in the sense that heating and cooling measure
ments produced the same results. The form of the rate con
stant expression is taken from Benson and Stoke’s analysis, 
namely, k = kea [(/o — I)/I] where I0 is the intensity of the 
Mg+ peak at room temperature, I is the intensity at high 
temperatures, and kea is a constant except for a T 1/2 tem
perature dependence. Standard analysis of the slope (ne
glecting preexponential temperature dependence) yields an 
activation energy for the “process”. The Mg+ intensity be
gins to noticably decrease for pyrolysis tube temperatures 
greater than 710°K for HBr and C^HsBr and has decreased 
by one third at approximately 910°K. Extensive efforts 
were made to obtain a consistent set of activation energies 
for HBr, HC1, CH3Br, C2H5Br, C2H5I, and CC14 for com
parative purposes. However, successive experiments with a 
given active gas revealed that some type of “aging effect” 
on the pyrolysis tube surface was operative. The longer the 
effusion species from the vaporization chamber were al
lowed to pass through the pyrolysis tube the larger the 
measured activation energy. Initial values of approximately 
7 kcal mol-1 would gradually increase and appear to reach 
steady values at approximately 14 kcal mol-1 over several 
days of near continuous operation. No differences were 
noted between the quartz or stainless steel pyrolysis tubes. 
These complications plus experimental uncertainties make 
meaningful comparisons for the various active gases quan
titatively unreliable.

Inspection of the pyrolysis tube after several hours of op
eration at temperatures sufficiently high to reduce the Mg+ 
signal by about 30% revealed a shinny metallic looking mir
ror or film at the entrance region and brown deposits fur
ther into the tube. Passage of the effusion species through 
an unheated tube did not produce deposits detectable by 
visual inspection.

Tesla Coil Discharge and Ultraviolet Effect. In the ex
perimental configuration used in the pyrolysis study, it was 
observed that a tesla coil discharge directed at the outer 
glass surface of the tube leading to the mass spectrometer 
would cause the Mg+ signal to rapidly decrease by 80-95%. 
The pressure in the tube, »10~6 Torr, was too low for visi
ble detection of the discharge in the tube. The Mg+ peak 
would return rapidly to about 85% of its value before dis
charging but would require several minutes to fully reach 
its original intensity. No unusual mass peaks were observed 
in the mass spectrometer as a result of the discharge. The 
active gas parent mass intensity was found to momentarily 
increase about 10- 20% at the beginning of each discharge 
exposure then stabilize near the original level. As the dis
charge was moved to other areas of the tube, another mo
mentary increase was observed then stabilization near the 
original, nondischarge intensity level.

Ultraviolet irradiation of the tube through a LiF window- 
mounted in its side with a deuterium discharge source op
erating at 40 W produced a 30% attenuation in the Mg+ 
signal. The ultraviolet light struck part of the interior sur
face of the tube. As observed in the discharge experiment, 
the signal intensity would not immediately return to its 
original level after terminating the irradiation but would 
gradually approach that level over a period of several min
utes.

Condensation. A Pyrex U-tube, 0.62 in. i.d., was con
nected between valve A, Figure 1, and the mass spectrome
ter. The U-tube was cooled by submersion in various low 
temperature cold slushes and the effects on the Mg+ and 
active gas parent mass signal intensity noted. The Mg+ sig
nal decreased by 30, 65, and 100% at cold trap tempera-
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Figure 5. The time decrease in the signal intensity of the indicated 
species is plotted. Time = 0 corresponds to the closing of valve A.

tures of —96, —112, and -126°, respectively. After several 
minutes of trapping, visual evidence of solid deposit in the 
trap was noted. The active gas signal, CHsBr, did not begin 
to decrease until temperatures below —112° were obtained. 
Condensation of the volatile magnesium species in the trap 
between valves A and B at - 112°, followed by gradually 
warming the trap to room temperature with valve A closed 
and valve B leading to the mass spectrometer open, did not 
produce the Mg+ signal nor any other unusual mass peak.

Condensation experiments conducted using the cooled 
copper cup target described in the experimental section 
yielded results similar to that obtained in the U-trap ar
rangement.

Effusion Rate Measurement. An experiment was de
signed so that the molecular weights of volatile species ef
fusing from the vaporization chamber into the mass spec
trometer could be measured by their effusion rates. To pos
itively identify the volatile magnesium species as atomic 
magnesium an extremely delicate method of mass determi
nation was sought since the failure to detect a possible par
ent mass ion constitutes only strong negative evidence. Ex
periments were performed on the apparatus shown in Fig
ure 1 to determine if the masses of known gases could be 
measured by using the mass spectrometer to monitor effu
sion rates by recording intensity changes as a function of 
time under the following conditions. Various known vola
tile species were introduced into the vaporization chamber 
at background pressures of 1 X 10-6 Torr and allowed to 
effuse through valve A into the 5-1. glass bulb then through 
valve B into the mass spectrometer. Once a steady-state 
rate of effusion into the mass spectrometer was established 
as determined by a constant peak height, valve A was 
abruptly closed. The peak height for the particular identi
fying mass being monitored would then begin to decrease 
as the low pressure sample in the 5-1. bulb gradually be
came depleted by leakage into the mass spectrometer. A 
strip chart recorder monitored the time decrease with the 
spectrometer set on a particular mass. The pressures are 
sufficiently low so that the mean free paths of the mole
cules are large compared with the exit dimensions at valve
B. By assuming that the signal intensity, I, measured in the 
mass spectrometer at time t is proportional to, N, the par
ticle number in the 5-1. bulb and applying the molecular 
leak rate equation,12 one obtains

-dN/dt  = NcA/AV 

or

—dl/dt = IcA/AV

where c is the mean velocity of the gas molecules at room 
temperature, A is the area of the exit, and V is the volume. 
The integrated form of the above rate expression yields

In (Jo//) = (cA/4V)t

where Io is the steady-state intensity at t = 0 or before 
valve A is closed. The slope, S, obtained by plotting In (Iof
I) against t can be related to the mass, M, of the effusing 
species through c at constant A, V, and temperature. 
Hence, the measured slope for a known gas, A, can be used 
to determine the mass of an unknown gas, B, from such 
effusion rate measurements using the final result SA/SB =

The reliability of the procedure described was first con
firmed by measuring the slopes for several known gases 
that covered the mass range from 4 to 154. Calculated 
masses for a given gas based on its measured slope ratio for 
another gas agreed within 2 to 3 mass units over the entire 
range cited. Actual effusion rate measurement curves as 
taken from the strip chart recorder are shown in Figure 5. 
The parent mass for each of the gases was monitored to ob
tain the data. The effusion rate for helium and CC14 not 
shown in Figure 5 was also measured.

The experimental conditions for the measurements on 
the known gases were chosen to be as similar as possible for 
the mass determination of the volatile species responsible 
for producing the Mg+ signal in the mass spectrometer. 
The active gas flow rate and magnesium vaporization cell 
temperature were adjusted to produce a constant signal 
level for the Mg+ peak. Valve A was abruptly closed and 
the decreasing signal intensity for both the active gas par
ent mass and the Mg+ peak was recorded as a function of 
time. The decay curve and analysis for the active gas signal, 
i.e., (^HsBr, was identical with previous measurements on 
the active gas alone.

The measured decay rate for the Mg+ signal was found 
to vary depending upon the length of time the active gas 
and magnesium species were allowed to pass through the 
system and the 5-1. glass bulb. The longer the system was 
used for a given experiment the smaller the decay rate be
came. However, after approximately 20-30 hr of operation 
the decay reached a steady value that showed little or no 
subsequent change. If the system was opened to atmo
spheric pressure and the glass bulb cleaned in a dilute hy
drofluoric acid solution, the same “aging process” was 
again observed. The calculated effective mass of the vola
tile species producing the Mg+ signal using the above ex
perimental procedure was correspondingly found to vary 
from 1 to 17. A larger effective mass was obtained the long
er the system was “aged”. The highest mass, 17, corre
sponds to the smallest decay rates obtained after 20-30 hr 
of continuous operation since the slope of the decay plot is 
inversely related to the square root of the mass.

The above results indicate that the Mg+ signal decay 
rate is too fast even in an aged system to result solely from 
a simple effusion process. A fraction of the volatile magne
sium species in the 5-1. bulb might “stick” or condense on 
the internal surface before they could effuse into the mass 
spectrometer.. To determine whether the total decay rate 
could be analyzed as the sum of two independent processes 
the following experiments were conducted to measure the 
“internal decay” rate. After obtaining a steady Mg+ signal, 
both valves A and B (Figure 1) were rapidly closed simulta-
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Figure 6. Data for Mgr and Ne were obtained by closing valve A and 
monitoring the signal decrease with time. Mgi Data were obtained by 
measuring the signal decrease for various times that both valve A 
and B were closed. The slopes of these curves are used to calculate 
the mass of the volatile magnesium species producing the Mg+ sig
nal.

neously for a measured time period after which valve B was 
quickly opened. The instantaneous signal level reached 
after opening valve E for Mg+ was measured as a function 
of time that the 5-1. bulb was isolated, i.e., the time both 
valves A and B were kept closed. Assuming a first-order 
law for the internal decay rate In Iq/I v s . t was plotted to 
determine the internal decay rate constant where / o is the 
intensity level reached after immediately opening valve B 
and / is the intensity reached after having the bulb isolated 
for time, t.

An extremely interesting result emerged from this analy
sis. Subtraction of the “internal decay rate constant” from 
the total signal decay rate should yield just the effusive 
rate constant which can be used to determine the mass as 
before. The calculated mass of 17 for an aged system based 
on the total decay increased to 22 after correcting for the 
internal decay mechanism. This final result of 22 is clearly 
within experimental uncertainty of mass 24 which would be 
the expected mass if the volatile magnesium species were 
actually atomic magnesium. Since the condensation rate in 
a well-aged system is small relative to the total decay rate, 
subtraction of the condensation rate from the total rate to 
obtain the effusive rate does not introduce significant un
certainty in the calculated molecular weight. These mea
surements were confirmed on at least 20 separate experi
ments. For a “fresh” system, one not completely aged, the 
total decay rate would be quite fast, the reason being that 
the internal decay rate was dominate over the simple effu
sive rate. Even under these conditions the total rate minus 
the internal rate wou.d still result in a constant effusive 
rate and predict the same mass result. The longest half-life 
measured for the internal decay in an aged system was ap
proximately 16 ± 1 sec. Figure 6 shows a logarithmic plot of 
the various mass spectrometric signal decays with time. 
The Mg curve labelec MgT is the total decay curve ob
tained from just closing valve A and Mgi is the data for the 
internal, isolated bulb experiment. The average number of 
surface collisions that a volatile species makes in the 5-1. 
bulb before effusing through valve B is given by the ratio of 
internal surface area to exit area since the mean free path

of the species for the pressures employed is very large rela
tive to the exit dimension. For the system used, the average 
collision number is 800. Data from the closed bulb experi
ment can be used to estimate a sticking probability of 4 ± 
1%.

D iscussion

The experimental results indicate that atomic magne
sium is the volatile magnesium species and that the effec
tive sticking coefficient of atomic magnesium in the pres
ence of certain active gases is significantly less than the 
normally expected value of one. Evidence that a reaction 
occurs between the active gas and the magnesium metal on 
the direct line-of-sight deposition surface can be obtained 
by monitoring the active gas parent peak intensity as the 
magnesium vaporization cell is gradually heated. The re
duction in parent peak intensity is proportional to the rate 
of magnesium deposit. For a constant gas flow rate, the 
Mg+ signal is detectable before the active gas parent signal 
is reduced by more than a few percent. The Mg+ intensity 
passes through a distinct maximum value as the vaporiza
tion cell temperature is raised for a constant gas flow. Fur
ther increases in the cell temperature produces a sharp de
crease in the Mg+ intensity, unless the gas rate is also in
creased. However, for background gas pressures above ap
proximately 1 X 10~5 Torr no additional increases in the 
maximum Mg+ level is observed. Careful searches were 
made in the mass spectrometer for ordinarily volatile reac
tion products. The only species detected were H2 and trace 
amounts of R2 for RBr and RI active gases. The reaction 
with methyl halides produced small amounts of CH4 rela
tive to the parent halide peak.

The decrease in the parent alkyl halide peak as the mag
nesium is deposited is not surprising since magnesium ha
lides, which are nonvolatile, are likely to be produced. 
Whether any primary reaction products formed in the di
rect line-of-sight deposition region are involved in the 
transport mechanism of magnesium atoms is not known. 
The aging process observed in the pyrolysis, discharge, and 
internal decay rate experiments suggests a necessary sur
face conditioning period before the sticking coefficient of 
atomic magnesium is significantly reduced. A surface effect 
is also indicated by the slow recovery time of the Mg+ in
tensity following ultraviolet irradiation and the tesla dis
charge. The momentary increases in the parent mass active 
gas peaks dqring discharge exposure accompanied by the 
simultaneous and large decreases in the Mg+ signal suggest 
that the active gas is at least partially involved in the sur
face conditioning process that causes the reduced sticking 
efficiency of atomic magnesium. Applying this simple argu
ment to the pyrolysis measurements would imply that the 
increasing temperatures gradually alter the surface causing 
Mg atoms to condense in the cooler entrance region pro
ducing the shinny metallic film described previously. A 
necessary surface conditioning period is consistent with the 
observation that for a freshly cleaned system, both active 
gas flow and magnesium deposition must be maintained for 
about 30 min before Mg+ is detectable in the mass spec
trometer. The Mg+ signal intensity continues to increase 
until a constant level is reached after about 20-30 hr of 
nearly continuous operation. The effective partial pressure 
of Mg in the glass bulb was estimated by producing incre
mental background pressure changes in the vaporization 
chamber by introducing an argon flow in addition to the 
active gas flow. Mass spectrometric intensity comparisons
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between the Ar+ and Mg+ signals were then made assum
ing that the bulb pressure and vaporization chamber pres
sure were similar. These measurements indicate an approx
imate range of 10-6 to 10-7 Torr for the effective partial 
pressure of magnesium in the 5-1. glass bulb (see Figure 1). 
The equilibrium vapor pressure of magnesium metal at 
300°K is approximately 10-21 Torr as estimated by extrap
olation of existing data at higher temperatures. Typical 
ranges for the rates of magnesium deposit and active gas 
flow are approximately 0.05-0.2 mmol/hr. Apparently the 
surface is conditioned by the adsorption or chemisorption 
of some substances. A definite assignment of the substance 
responsible for a given active gas will be a difficult prob
lem. The substance could be simply the active gas species 
or a reaction product. If a reaction product is responsible, it 
is possible that it contains magnesium atoms. This possibil
ity suggests that a species containing magnesium should 
also be observed in the mass spectrometer since it would 
likely be volatile in order to cover the surfaces. Obviously 
no such species has been observed as discussed in the Re
sults section. Another mechanism could involve the initial 
adsorption of the active gas molecules followed by a mag
nesium atom which reacts to form a nonvolatile magnesium 
complex on the surface. Subsequent magnesium atoms im
pinging on the surface could experience an initial repulsion 
that could prevent their condensation or they could under
go exchange with the atoms bound in the surface complex. 
Additional experiments are planned to determine whether 
the volatile magnesium atoms do in fact undergo exchange 
with surface bound atoms. Such information would be ex
tremely valuable in formulating a reasonable mechanism 
that would account for the observed phenomenon. The sys
tem will be thoroughly “aged” or conditioned using natural 
magnesium containing the abundances of 79, 10, and 11% 
for the isotopes of mass 24, 25, and 26, respectively. Vapor
ization from the cell containing natural magnesium will 
then be stopped and another cell already mounted in the 
vaporization chamber containing magnesium metal en
riched in isotope of mass 26 will be utilized. The cell substi
tution can be accomplished in less than 1 min without 
breaking the vacuum by employing a four-electrode flange 
that can accommodate two independently heated vaporiza
tion cells. If there is no surface exchange of magnesium 
atoms, the intensity ratio for the various Mg+ signals 
should reflect the known mass 26 percentage of the en
riched metal. However, exchange with natural magnesium 
on the surface would decrease the relative amount of mass 
26 reaching the mass spectrometer thus producing a signal 
intensity ratio of mass 26 to mass 24 below that expected 
for the enriched magnesium metal sample.

Another area that is difficult to explain is the distinction 
between active and nonactive gases. Alkyl chlorides and 
chlorine, for example, are not active, although the parent 
mass signals for these species are reduced in a similar man
ner for active gases when magnesium vaporization is ini
tiated. Neither the structure nor the length of the alkyl 
group makes any apparent difference in the active, nonac
tive classification. However, RC1>, RCI3, RC14, and HC1 are 
active gases as well as volatile RBr and RI compounds. 
There exists an interesting parallel among the series RCl, 
RBr, and RI regarding their relative activity in reducing 
the sticking coefficient of magnesium atoms in an aged sys
tem and their relative reaction rates with magnesium metal 
measured in solution reactions. A competition kinetic tech
nique has recently been reported to obtain reliable relative

reaction rates of alkyl halides with magnesium metal in 
ether solutions.13 The results demonstrate that RBr and RI 
have similar reaction rates and that the RCl rate is ap
proximately 2 orders of magnitude smaller. The organic 
moiety has no significant effect on the relative rates. For 
our experiment, the relative activity refers to the strength 
of the Mg+ signal obtainable in an aged system for a given 
background pressure of active gas. As discussed previously, 
this type of data is plotted in Figure 3 for the RC1X series. 
Results for RI and RBr are quite similar to one another. 
The proposed rate-determining step in the solution reac
tion involves the electron transfer from the metal to the 
alkyl halide. At the background pressures employed in our 
experiments the entire surface would rapidly become cov
ered with perhaps several monolayers of adsorbed active 
gas molecules. An impinging magnesium atom could trans
fer an electron to the alkyl halide forming a charge transfer 
surface bound complex represented by R-Br_--Mg2+— 
Br- -R. The qualitative observation that both the active gas 
flow and metal deposit must be conducted simultaneously 
during the aging or conditioning phase as well as for the ac
tual generation of volatile magnesium atoms is at least con
sistent with the above proposition. The reason why a sig
nificant number of other magnesium atoms do not perma
nently bond to such a surface layer would have to be ex
plained on the basis of short-range repulsive forces. The 
observation that RCl is not an active gas might result from 
the smaller size of Cl relative to Br and I. If this were the 
case, one could argue that the increased number of Cl 
atoms in the RCl* series would compensate for the smaller 
size of Cl and account for the increased activity as x in
creases.

Obviously the above explanation raises many questions 
that cannot be answered satisfactorily without detailed and 
sophisticated calculations for the various potential energy 
coordinates involved and experimental work designed to 
study the surface- directly. Qualitatively it cannot explain 
why similar metals such as calcium, lithium, sodium, and 
aluminum do not behave in a similar manner. Preliminary 
experiments with zinc do yield similar results, although the 
Zn+ signals obtained thus far are extremely weak. Two ex
citing possibilities are suggested by these results. Perhaps 
other metals could be made volatile in the sense that mag
nesium was if the proper conditions and active gases were 
found. Since extremely high temperatures are required for 
the production of most atomic metal vapors, the ability to 
conduct experiments on metallic vapors at or even below 
room temperature could offer significant advantages in 
many applied areas as well as suggest new types of funda
mental studies.
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The adsorption of formic acid on evaporated copper and aluminum surfaces was studied using an infrared 
reflection method. The molecular orientation of the chemisorbed species on metal surfaces was successfully 
observed by this technique. When formic acid vapor was introduced over copper or aluminum surfaces, for
mate ions were observed. The reflection spectra of formate ions on copper showed the 1360-cm-1 band of 
the symmetric OCO stretching vibration but not the 1600-cm-1 antisymmetric OCO band; whereas the re
verse was true of the transmission spectra of smooth copper films deposited on the polished KBr plates. 
These results lead to the conclusion that the chemisorbed formate molecules are oriented almost vertically 
on the smooth copper surface. Nitric monoxide and isoamyl nitrite adsorbed on evaporated copper, nickel, 
and iron surfaces were also investigated and discussed.

Introduction
Infrared spectroscopic measurements of chemisorbed 

molecules on metal surfaces have been widely studied by 
infrared transmission through thin evaporated films.1 
However, recent investigations on chemisorption on the 
metal surface using multiple reflection technique have in
dicated the feasibility of using the reflection method.2'3 
The advantage of this method can be seen in its application 
to bulk metal surfaces, and furthermore the great advan
tage of this method is its ability to determine orientations 
of adsorbed species in relation to the plane of the metal 
surface. Since Francis and Ellison first applied this method 
to the investigation of monolayers on a metal mirror4 and 
Greenler developed its theoretical and practical bases,0 this 
valuable technique has been considered as one of the pow
erful tools for chemisorption study.

In all reflection spectra so far reported, however, the ob
served chemisorbed species on bulk metal surfaces were 
confined to carbon monoxide. Although chemisorbed for
mates have been investigated by many workers with trans
mission method,6'7 no direct evidence indicating the molec
ular orientation of this species on bulk metal surfaces has 
been obtained.

The result to be reported here about formates on copper, 
a part of which was briefly communicated,8 is the first in
frared reflection observation of oriented chemisorbed mol
ecules on metal surfaces. This paper is mainly concerned 
with the spectra of formates adsorbed on copper and alu

minum surface, but nitric monoxide, isoamyl nitrite 
(CH3CH(CH:i)CH2CH'20N0 ) adsorbed on copper, iron, 
and nickel surfaces will be mentioned briefly in order to 
elucidate the chemisorption to the metal surfaces.

E xperim ental Section

The whole apparatus is shown schematically in Figure 1. 
The infrared radiation was focused onto the sample mirror 
(S.M.) at an incidence angle of 85°. The reflected radiation 
was collected by a spherical mirror (M4), and entered into 
the spectrometer entrance slit of Jasco IR-G grating spec
trometer. The stainless-steel high vacuum cell equipped 
with the infrared transmitting KBr windows (64 X 12 mm) 
is also shown in this figure. The cell was pumped using an 
oil diffusion vacuum system. The ultimate pressure of 2.0 
X 10“s Torr was measured with an ionization gauge. As 
substrates we used smooth quartz glass plates on which 
gold films were previously deposited in another vacuum 
evaporator. Their dimensions were 30 X 50 mm. After 
evaporating the metal to form the substrate, background 
spectra were taken and stored in a spectrum computer 
JEC-5 (Japan Electronic Co.). The formic acid vapors were 
effused in the cell by breaking the ampoule using a breaker. 
The pressure of the vapor was about 1 Torr. Ten minutes 
later, the gas was evacuated to 10-5 Torr, and the reflection 
spectra were measured. The spectrum was scanned at a 
rate of 0.8 cm-1 sec-1. The differences between the back
ground and the sample spectra were calculated at 0.5-cm-1
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Figure 1. Schematic view of the whole instrument and a drawing of 
the high vacuum cell: (a) KBr window; (b) shutter; ic) heater; (d) sam
ple mirror (S.M.); (e) thermocouple; (f) ampoule of gas source; (g) 
breaker; (h) tungsten filament; (i) viewing port; (S) infrared source; 
(Mi, M3, M5) mirrors; (M2, M4) spherical mirrors.

frequency intervals over 1650-1250-cm-1 region. Tenfold 
scale expansion was employed and multiscannings (eight 
times in ordinary cases) were adopted. The point-by-point 
digital difference data were plotted on a chart recorder.

The signal (1-3% in transmittance) was sufficiently mea
surable in comparison with the noise level of 0.5%. The sig
nal enhancement procedure and repetitive scanning of the 
spectrum and computer averaging made it possible to ob
tain sufficiently measurable signals from a monomolecular 
layer.

The transmission metal films, used in the transmission 
measurement, were evaporated on 30 X 3C mm KBr plates 
in such a way that both sides of the plates were coated with 
a film ca. 100 A thick. One plate was used :n each measure
ment.

The formic acid used in this work was obtained from 
Wako Chemical Co. and the isoamyl nitrite was from Nak- 
arai Chemical Co. which was distilled three times. Pure 
metals of copper (99.999%), aluminum (99.99%), and nickel 
(99.998%) were used.

Result
The transmission spectrum of the Cu(II) formate tet- 

rahydrate shows two strong absorption bands in the 1650- 
1250-cm-1 region due to OCO stretching vibrations.9 The 
spectra of chemisorbed formate on copper show that the 
strongest absorption band at 1600 cm-1 disappeared com
pletely and the band at 1360 cm-1 occurred as shown in 
Figure 2e. On the other hand, in the spectra on aluminum 
both absorption bands appeared just like the transmission 
spectrum. The similar spectra were obtained for deuterated 
formate (dotted lines). These bands were relatively broad, 
having a half-width of about 80 cm-1. On deuteration, the 
band maxima shifted to lower frequencies (1590, 1355 
cm-1). These bands remained undiminished upon evacua
tion below 10-4 Torr at room temperature. The reflectivity 
decrease at these bands is 1-3%.

Figure 2 also shows the transmission spectra of the ad
sorbed formates on thin deposited copper film (100 A) on

Wavenumber cm

Figure 2. Transmission spectra of adsorbed HCOO- on a copper de
posited surface (a,b) and reflection spectra of adsorbed HCOO-  and 
DCOO-  on copper or aluminum surfaces (c-f): (a) on well-ground 
KBr plate; (b) on cleaved KBr plate; (c) DCOO- on aluminum; (d) 
HCOO- on aluminum; (e) DCOO-  on copper; (f) HCOO-  on copper.

(b)

Figure 3. Replica electron micrographs of vacuum deposited metal 
surfaces: (a) on copper X 10,000; (b) on aluminum X 10,000.

KBr plates. The solid line (Figure 2a) shows tne spectrum 
of the well-ground specular surface and dotted line (Figure 
2b) shows the spectrum from the cleaved surface which is 
assumed to be very rough. On the smooth surface only the 
1600-cm-1 band appeared and the band near 1350 cm-1 
disappeared, but the latter band appeared when the 
cleaved KBr plate was used as the substrate.

As these differences in the spectrum may ar:se from sur
face roughness, some of the evaporated metal films used in 
this work were examined by electron microscopy. Figure 3a 
is the replica electron micrograph from the copper surface
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Figure 4. Reflection spectra of adsorbed isoamyl nitrite (a) on cop
per, (b) on nickel, and (c) on iron. Reflection spectrum of adsorbed 
nitric monoxide (d) on iron.

evaporated at room temperature, whereas Figure 3b is from 
the aluminum surface.

The 2-3% increase in reflectance was also observed just 
after the evaporation of copper, corresponding to sintering. 
These observed absorption bands were decreased in inten
sity by raising the substrate temperature to near 150°.

Figure 4 shows the reflectance spectra of chemisorbed ni
tric monoxide on evaporated iron surface and chemisorbed 
isoamvl nitrite on evaporated copper, nickel, and iron sur
faces. The spectrum of nitric monoxide on iron shows a 
weak band near 1825 cm-1 (Figure 4d). The reflectance 
spectra of chemisorbed isoamyl nitrite show absorption 
bands at 1850 (on copper, Figure 4a) and 1750 and 1820 
cm“1 (on nickel and iron, Figure 4b,c). These spectra are in 
fair agreement with those from transmission studies on 
small particles of iron and iron oxide dispersed on silica, 
which has been already reported by Poling and Eischens.10

Discussion
Chemisorption of Formic Acid. The interaction between 

the oscillating molecular dipole in the adsorbed molecules 
and the electric vector of the incident radiation is highly 
related to the incident angle and the states of polarization 
of the beam as shown in Figure 5. The amplitude (A) of the 
standing wave at the metal surface increases with incident 
angle 6 and reaches its maximum at a large incident angle, 
which changes depending upon the optical constants of 
metal. The parallel component (p) of the incident radiation 
can produce at large incidence angles the strong resultant 
standing wave field as a result of interference between the 
incident and the reflected wave as shown in Figure 5b. The 
perpendicular component (s) cannot make the sizeable 
standing electric field because the phase change of the inci
dent and reflected wave is about 180° and nearly complete 
cancellation occurs (Figure 5a). Accordingly the electric 
field at the metal surface is predominantly perpendicular 
to the mirror surface, therefore, it can interact with the vi
brational mode for which the effective component of the 
dipole moment change is perpendicular to the surface. The 
formate ion has strong infrared absorption bands at 1360 
and 1590 cm-1, and these bands are assigned to the sym
metric OCO stretching vibration, in which the dipole mo
ment change is parallel to the C2 axis of the ion, and the 
antisymmetric vibration, in which the change is perpendic
ular, respectively (Figure 6a,b). Therefore it can be said 
that the dipole moment change parallel to the C2 axis of 
the ion, namely, the symmetric OCO stretching vibration, 
does interact with the standing wave field and results in a

(a) (b )

Figure 5. The explanation for high-sensitivlty reflection spectrosco
py: (p) parallel component of radiation; (s) perpendicular component 
of radiation; (A) amplitude of standing wave field; (8) incident angle.

o '  o 0 /  x 0

T T 7 T T T T T T  T T T T T T T T T

(a) (b)
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Cc) (d)
Figure 6. Adsorptive form of formates on metal: (a) antisymmetric 
stretching vibrational mode; (b) symmetric stretching vibrational 
mode. Schematic view of adsorptive form: (c) on smooth copper 
surface; (d) on porous aluminum surface.

strong band in the reflection spectra, provided the C2 axes 
of the adsorbed species are normal to the surface. The an- 
tisymmetrical mode of vibration, on the contrary, cannot 
interact with the infrared radiation and the corresponding 
band does not appear in the reflection spectra.

It has been said that the evaporated copper surface is 
completely sintered at room temperature and its whole sur
face area corresponds to its geographical area.11 On the 
other hand, the evaporated aluminum is porous with a very 
rough surface. The electron micrographs (Figure 3) of these 
metals clearly show the change in surface roughness. It can 
easily be seen from the photographs that the copper sur
face is very smooth whereas the aluminum surface is very 
rough.

It has been already suggested in a transmission study12 
that the formate molecules adsorb on the metal surface by 
oxygen atoms and the C2 axis of the molecule becomes per
pendicular to the surfaces. The missing 1590-cm_1 OCO 
antisymmetric stretching vibration band in the reflection 
spectra can be explained by the fact that the dipole mo
ment change of the antisymmetric vibration becomes par
allel to the mirror surface and it cannot interact with the 
electric field perpendicular to the surface.

Similarly, the absence of the 1360-cm-1 OCO symmetric 
stretching band in the transmission spectra (Figure 2a) in
dicates that the dipole moment change in the vibration be
comes perpendicular to the surface and it cannot interact 
with the electric field parallel to the surface.
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Figure 6c,d shows the orientation of the adsorbed mole
cules to the microscopic metal surface. On the copper sur
face, all of the formate ions oriented vertically to the 
smooth copper surface and on the aluminum surface the 
adsorbed formate ions appear in a relatively random orien
tation to the macroscopic metal surface due to the surface 
roughness. The above-mentioned transmission data on 
smooth and rough KBr plates confirm these features of ori
entation on the metal surfaces.

Chemisorption of Nitric Monoxide and Isoamyl Nitrite. 
The infrared study of butyl nitrite and nitric monoxide on 
iron and iron oxide has been investigated by Poling and 
Eischens using a transmission method.10 Both nitric mon
oxide and butyl nitrite retard the corrosion of iron and 
steel probably by the same mechanism, because butyl ni
trite dissociates during chemisorption and the fragment 
appears to be nitric monoxide. They reported that the ni
tric monoxide on a preoxidized iron surface produces a 
band at 1820 cm-1 which is assigned to Fe2+:N = 0+, and 
oxidative chemisorption on initially reduced iron produces 
a band at 1750 cm-1 which is assigned to Fe-0-N =0. The 
reflectance spectrum of nitric monoxide on the iron surface 
shows a band at 1825 cm-1, which is in good accord with 
the transmission spectra of chemisorbed nitric monoxide 
on the nickel surface.13 Recently, Calahorra and Folman 
studied the adsorption of nitric monoxide on germanium.14 
They ascribed two peaks at 1853 and 1750 cm-1 to the NO 
dimer formed on the surface and assumed the higher fre
quency is that of the symmetric mode, whereas the lower 
one is due to the asymmetric mode of the NO bond. In the 
present investigation, the reflectance spectra of isoamyl ni
trite on evaporated nickel and iron showed two absorption 
bands at 1820 and 1750 cm-1, and showed a band at 1850 
cm-1 on copper. These results suggest that the nitric mon
oxide, formed as fragments of the isoamyl nitrite, adsorbs 
perpendicularly on the metal surfaces because the species 
adsorbed parallel to the smooth metal surface give rise to 
extremely weak absorptions as mentioned above.

Our samples were probably contaminated by the residual 
gas or the diffusion pump oil under our vacuum system 
near 2 X 10~6 Torr. The ultrahigh vacuum system is essen
tial to investigate the accurate molecular orientation on 
atomically clean metal surfaces, which is now in progress in 
our laboratory.

The reflection spectra of a monolayer or less of carbon 
monoxide adsorbed on clean metal surfaces have already 
been obtained from the single reflection technique.3’5 The 
chemisorbed formates and nitric monoxides show strong 
absorption bands as well as carbon monoxide, and the mea
surable signals were also detected from these species with a 
single reflection apparatus. This infrared reflection absorp
tion technique, if applied to the surface phenomena of the 
catalytic reaction, will become a very powerful technique to 
obtain information on chemisorbed species.
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The effects of several thermal and hydrothermal treatments of low soda Y zeolites of different lanthanum 
content have been investigated by infrared and X-ray powder methods. The absorption maxima of the 
framework vibrational bands shifted toward higher frequencies after steaming at 540 and 820°. The cation
ic and framework atom coordinates, interatomic distances, and angles of low and high lanthanum Y zeo
lites steamed at 540° were determined. The changes in location of infrared absorption maxima are attrib
uted to partial framework dealumination. Observed unit cell shrinkage supports this assumption. The de
tection of a nonframework position at X  = Y = Z = 0.028 in the structure of steamed, low-lanthanum Y 
has been attributed to nonframework aluminum. We conclude that steaming results in partial framework 
dealumination and possible structural rearrangement in the framework. These effects are more pro
nounced for low-lanthanum zeolites.

I. Introduction
The rare earth forms of Y zeolites are of great interest 

due to their high catalytic activity for many reactions.1-5 
The structure of these zeolites has been investigated by a 
number of authors. Infrared spectroscopic studies of rare 
earth exchanged Y zeolites have been reported by Rabo,4 
Ward,6 Bolton,7 and others. Using X-ray crystallography, 
several authors have established the cationic distribution 
in rare earth exchanged, natural faujasite as well as in LaX 
and CeX zeolites.8-10 Diffuse reflectance spectra in the visi
ble region have also been used in an attempt to localize cat
ions in calcined, steamed, and vacuum dehydrated rare 
earth X and Y zeolites.20

In their use as catalytic promoters, rare earth Y zeolites 
are frequently exposed to high-temperature calcination 
and steaming, especially during the catalyst regeneration 
process. However, there is little information in the litera
ture concerning the structural characteristics of hydrother
maily treated lanthanum Y zeolites. We have therefore in
vestigated the effect of hydrothermal treatment upon the 
structure and catalytic characteristics of these zeolites. For 
comparison, a similar study was carried out on low-soda, 
lanthanum Y zeolites thermally treated in the absence of 
steam.

In this paper we present and discuss the framework vi
brational spectra and crystal structure of lanthanum Y zeo
lites with different lanthanum content which have under
gone different thermal and hydrothermal treatments.

II. E xperim ental Section
A. Materials. Lanthanum Y zeolites were prepared by 

exchanging a thoroughly washed NaY zeolite with lantha
num chloride solutions. A NaY sieve with a relatively low 
Si02/Al20 :! ratio (4.2) was selected as starting material in 
order to enhance the changes that occur during the thermal 
and hydrothermal treatment of the corresponding lantha
num Y sieves. The exchange was carried out by mixing the 
NaY zeolite into the lanthanum chloride solution, adjust
ing the pH of the slurry to 3.5 with diluted hydrochloric 
acid, and heating the mixture under stirring for 1 hr at 90°.

After filtering and washing the cake chloride free, the ma
terial was oven-dried at 110° for 1 hr.

Part of the oven-dried material was calcined under vacu
um at 540° for 3 hr and then repeatedly ammonium ex
changed until the sodium level dropped below 1 wt % 
Na20. A 10 wt % ammonium sulfate solution was used in 
the exchange process.

Portions of the ammonium salt treated lanthanum Y ze
olite were calcined (a) under vacuum at 540° for 3 hr; (b) 
under 100% steam at 540° for 3 hr; and (c) under 100% 
steam at 820° for 3 hr, respectively.

Using different amounts of lanthanum chloride, 24 and 
53% lanthanum exchanged sieves were prepared by the 
procedure described.

In another preparation, a lanthanum Y zeolite was pre
pared by the following procedure: a sample of NaY was ex
changed with an excess of lanthanum chloride, the result
ing material was calcined at 540° for 3 hr under vacuum, 
and then again lanthanum exchanged until the sodium con
tent dropped below 1 wt % Na20. Portions of the resulting 
lanthanum Y zeolite were thermally treated as described. A 
98% lanthanum exchanged sieve was prepared by this pro
cedure.

The unit cell composition prior to the thermal treatment, 
the percent of lanthanum exchange in the different sam
ples prepared, and the unit cell sizes after thermal treat
ment are given in Table I.

The following notation is used for the samples prepared: 
the number preceding the LaY formula indicates the per
cent of lanthanum exchange in that zeolite; the tempera
ture and conditions of the treatment (under vacuum or 
steam) are indicated in parentheses after the formula.

B. Infrared Instrumentation and Measurements. The 
details of the infrared experiments have been previously 
reported.11 The spectra were recorded on a Beckman IR-12 
spectrophotometer and were obtained with a Wilks Model 
38 attenuated total reflection (ATR) unit.

A 10 wt % slurry of zeolite powder in ethanol was evapo
rated onto one side of a 2-mm thick KRA-5 ATR plate and 
placed in the Wilks ATR unit. Because of energy losses 
from the optical arrangement of this unit an attenuator was
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TABLE I: Composition and U nit Cell Size of Lanthanum  Y Zeolites

Sample no.
Unit cell composition 

(prior to thermal treatment) % La exch

Unit cell size, A (after)0

540° v 540° stm 820c stm

1 (NH4, 24 24.64 24.49 24.31
2 INH4,H)27>7Naio 2 Lalt (A102)62 (Si02) i30-«H2O 53 24.73 24.64 24.47
3 Na2. iLa2o-1(A102)62(Si02)i3o'«H20 98 24.75 24.75 24.70

v = vacuum; stm = steam.

Figure 1. Framework sands of thermally treated 24-La Y zeolites: (A) 
540°, vacuum; (B) 540°, steam; (C) 820°, steam.

placed in the reference beam to obtain full scale deflection.
C. X-Ray Instrumentation and Data Collection Meth

od. The X-ray data were collected on a Norelco powder dif
fractometer. A Hamner solid state detection system, 
equipped with a scintillation counter and a pulse height an
alyzer, was employed. The scans were taken using Cu Ka 
radiation, a 0.003-in. receiving slit, and a scanning speed of 
% deg/min. The data were measured while the sample was 
under partial vacuum of about 88 mmHg. The instrumen
tation, data collection methods, and data analyses have 
been described in more detail elsewhere.10

III. R esults
A. Infrared Data. Characteristic bands in the framework 

vibrational spectra of lanthanum Y zeolites are illustrated 
in Figures 1-3. Figure 1 shows the effect cf different ther
mal treatments of 24-LaY on the low-frequency region of 
the spectrum. 24-LaY (540, v) shows a strong band at 1035 
cm-1, whereas 24-LaY (540, stm) has this band shifted to 
about 1045 cm-1. 24-LaY (820, stm) has the corresponding 
band at 1080 cm-1.

The spectra of steamed materials show also additional 
bands or more intense bands as compared to the spectra of 
vacuum-calcined materials. Thus, for example, the spec

Figure 2. Framework bands of thermally treated 53-LaY zeolites: (A) 
540°, vacuum; (B) 540°, steam; (C) 820°, steam.

trum of 24-LaY (540, stm) shows a band at about 400 cm-1, 
which is considerably weaker in the spectrum of the vac
uum-calcined sample. An increase in the steaming temper
ature from 540 to 820° results in a dramatic increase in in
tensity and sharpness of many of the existing bands in the 
framework region. New bands (e.g., at about 530 cm-1) can 
also be detected. As a whole, the spectrum appears drasti
cally changed.

Figures 2 and 3 provide a similar comparison for 53-LaY 
and 98-LaY submitted to different thermal treatments. As 
in the previous case, steaming results in a shift of charac
teristic bands toward higher frequencies. Additional bands 
can be identified in the spectra of the steamed materials, as 
compared to the corresponding spectra of the vacuum-cal
cined samples. An increase of the steaming temperature 
from 540 to 820° also results in significant changes in the 
spectra.

Table II shows the assignment of several characteristic 
bands in the spectra of different zeolitic frameworks. Table 
III contains characteristic bands in the framework region of 
the LaY zeolites investigated.
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TABLE II: Zeolite Fram ework Infrared A ssignm ents“

In ternal te trah ed ra
E xternal lineages 

(s tru c tu re  sensitive)

Asym s tre tc h  1250-950 Double ring

Sym s tre tch  

T -0  bend

720—650 P o re  opening 
c m '1

500-420 Sym s tre tc h

650-500
cm "1

420-300
c m '1

820-750
c m '1

Asym s tre tc h  1150-1050

« Reference 12. b T  represents Si or Al.

(sh)

Figure 3. Framework bands of thermally treated 98-LaY zeolites: (A) 
540°, vacuum; (B) 540°, steam; (C) 820°, steam.

B. X-Ray Data. Framework and nonframework positions 
have been determined for 24-LaY (540, stm) and 98-LaY 
(540, stm) by X-ray diffraction. Atomic coordinates for 
these materials are given in Table IV. Interatomic dis
tances and angles are shown in Table V.

The detection of a nonframework position at X  = Y = Z 
= 0.028 in the structure of 24-LaY (540, stm) was attrib
uted to nonframework aluminum. 4.5 atoms of this type 
were found per unit cell. Their location is in the vicinity of 
sites I', but more displaced toward the hexagonal prism.26 
We will tentatively call such sites I*. Sites V adjacent to oc
cupied sites I* are vacant. Other nonframework sites found 
occupied in 24-LaY (540, stm) are sites I' (by lanthanum) 
and sites U (by oxygen).

In 98-LaY (540, stm), the nonframework positions are 
occupied as follows: all lanthanum ions in sites I', 32 oxy

Figure 4. Faujasite framework with indication of oxygen type (•) and 
mnframework sites (O).

gen in sites IF, and 2.2 oxygen in sites U. Nonframework 
aluminum species could not be detected in this material.

IV. D iscussion

The bands in the vibrational spectra of the faujasite 
framework have been assigned by Flanigen et al.12 Some of 
these assignments are summarized in Table II. It is known 
that the silica/alumina ratio of the faujasite type frame
work affects the position of absorption bands in the frame
work region of the spectra. An increase in the silica/alumi
na ratio results in a shift of absorption bands toward higher 
frequencies.13-15 Such a band shift occurs when the silica/ 
alumina ratio in the framework is increased either by direct 
synthesis or by partial aluminum removal from the frame
work.16'17 The most visible shift occurs for the T -0  asym
metric stretching band.

In the case of NH4Y zeolites, it has been shown that 
steam interacts with the zeolite, resulting in a partially 
dealuminated framework and cationic aluminum species. 
In the framework vibrational spectrum, this is reflected in 
a shift of framework bands to higher frequencies.11

It is reasonable to assume that in the presence of steam 
different lanthanum Y zeolites can also undergo a dealumi- 
nation process.

Jacobs and Uytterhoeven have reached a similar conclu
sion based on the analysis of the hydroxyl stretching region 
of ir spectra of steamed LaY zeolites.21

Besides temperature and amount of steam, the degree of 
framework dealumination will also depend upon the con
centration of lanthanum cations in the zeolites. We assume 
that an increase in lanthanum ion concentration in La, 
NH4Y, and LaY zeolites will tend to inhibit the generation 
of new cationic species, due to electrostatic repulsion. 
Therefore, under otherwise equal conditions, the most ad
vanced dealumination can be expected in 24-LaY (540, 
stm) and the least dealumination in 98-LaY (540, stm).

An increase in temperature from 540 to 820° will further 
enhance the dealumination process. This is reflected by the 
spectra shown in Figures 1-3. In the spectra of 24-LaY, the 
T -0 asymmetric stretching band is shifted from 1034 cm-1 
(540°, v) to 1045 cm-1 (540, stm), and to 1075 cm-1 (820°, 
stm), respectively. Structural X-ray data for 24-LaY (540°,
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TABLE III: Fram ework V ibrational Frequencies (in cm * 1)“

T-O asym T-O sym Double 6 T-O 12-Ring
Zeolite type T herm al trea tm stre tch s tre tch  ring bend pore opening

24-LaY 540°, vacuum 1035 vs, 780, w sh 565 w, 455 m 400 sh
890 sh 550 sh

24-LaY 540°, steam 1045 vs 815 sh , 588 w, 455 m 410 m
555 sh

24-LaY 820°, steam 1080 vs 835 m 612 s 460 vs 400 vs
790 w 580 sh

530 m b
53-LaY 540°, vacuum 1030 vs 775 w 580 w 450 m 400 sh

555 sh
53-LaY 540°, steam 1040 vs 800 w, sh 585 w 455 m 405 w

555 sh
53-LaY 820°, steam 1065 vs 825 m 615 s 460 vs 408 vs

785 w 585 sh
98-LaY 540°, vacuum 1025 vs 775 sh 575 w 445 s 400 sh

560 sh
9 8 -LaY 540°, steam 1030 vs 780 sh 580 w 450 s 405 w

725 w 555 w
98-LaY 820°, steam 1060 vs 800 sh 600 s 455 vs 400 sh

585 sh 420 sh
550 sh 6

“ w = weak; m = medium; s — strong; vs = very strong; sh = shoulder. 6 Assignment uncertain.

TABLE IV : Atom ic Coordinates for 24-LaY (540. stm) and 98 LaY (540, stm )“

Atom type A' Y Z Occup Tem p factor
24-LaY (540, stm ) R( I) =  0.143

rpô -0.0525(8) 0.1284(8) 0.0358(9) 1.00(4) 2.58(46)
01 —0.1073(10] 0.1073(10) 0.0 1.00(5) 1.00(191)
02 -0.0018(13} -0.0018(13) 0.1367(19) 0.93(6) 6.71(230)
03 0.1713(13) 0.1713(13) -0.0338(21) 1.01(5) 7.22(194)
04 0.1788(15) 0.1788(15) 0.3224(18) 1.00(6) 5.60(226)
A ll 0.0280(58) 0.0280(58) 0.0280(58) 0.14(4) 0.8 5(82C)
L a i 0.0729(111 0.0729(11) 0.0729(11) 0.215(9)“ 5.64(101)
Ow2 0.1250 0.1250 0.1250 0.85(13) 7.71(522)

98-LaY (540, stm ) A (I = 0.156
T -0.0572(10) 0.1290(14) 0.0353(10) 1.00 2.74(68)
Ol -0.1099(18) 0.1099(18) 0.0 1.00 2.62(182)
02 -0.0040(16) -0.0040(16) 0.1272(24) 1.00 3.09(184)
03 0.1754(17) 0.1754(17) -0.0321(23) 1.00 6.16(201)
04 0.1770(18) 0.1770(18) 0.3276(27) 1.C0 2.85(209)
L ai 0.0667(4) 0.0667(4) 0.0667(4) 0.66(2)“ 2.99(44)
Ow2 0.1250 0.1250 0.1250 0.28(22) 3.00
Ow3 0.1668(17) 0.1668(17) 0.1668(17) 1.00 1.00

“ Tables of calculated and observed intensities and structure factors are available from the authors upon request. b T represents tetra
hedral silicon or aluminum atoms. The numbers in parentheses are the estimated standard deviations. c There are differences between the 
lanthanum content obtained by chemical analysis and from X-ray diffraction data: 4.9 vs. 6.8 La/unit cell in 24-LaY and 20.1 vs. 21.1 
La/unit cell in 53-LaY. Similar discrepancies have also been observed by others.8 They are probably due to basic differences between the 
two methods used to determine the lanthanum content of zeolites, although partial substitution of water for lanthanum cannot be ruled out.

stm) have shown the presence of nonframework aluminum 
in the zeolitic cavities in sites I* (Table IV). Cationic alu
minum could not be identified in 24-LaY (540, v). As a re
sult of the dealumination process, the unit cell size de
creases from 24.64 A for 24-LaY (540, v) to 24.49 A for 24- 
LaY (540, stm).

The assignment of the nonframework position at X  = Y 
= Z = 0.028 to nonframework aluminum is not unequivo
cal, since the X-ray diffraction data give only a count of 
electronic density and not the element present. However, 
all the lanthanum has been accounted for and the sodium 
content is less than two ions per unit cell. Therefore, the 
only rational assignment for this position would be an alu

minum or oxygen species. Since the decrease in unit cell 
size and the shorter mean T -0  distance, as well as the shift 
of infrared bands, support the contention that aluminum 
has been removed from the framework of 24-LaY (540, 
stm), the above indicated nonframework position was as
signed to aluminum.

It is possible that the nonframework aluminum interacts 
with 03 framework atoms, since the measured Al-03 dis
tance of 2.32 A involves a significant estimated standard 
deviation.

Since framework dealumination leaves vcids in the 
framework, we would expect the occupancy parameter for 
Si and A1 atoms in the framework of 24-LaY (540, stm) to
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TABLE V: Bond Distances and Angles

24-LaY 
(540, stm )

98-LaY 
(540, stm )

T -O l 1.68(3) A 1.64(5) A
T -0  2 1.56(4)“ 1.64(5)
T-O 3 1.67(4) 1.77(5)
T -04 1.59(4) 1.59(6)
Mean value 1.62 1.66
T -O l-T 139.5(1.6)° 138.0(2.8)°
T -0 2 -T 157.5(2.9) 128.4(2.7)
T -0 3 -T 147.2(2.8) 135.3(3.1)
T -0 4 -T 139.1(2.9) 140.8(3.9)
Mean value 145.8 135.6
0 1 -0 2 2.68(4) A 2.66(6) A
0 1 -0 3 2.72(4) 2.81(6)
0 1 -0 4 2.62(4) 2.58(6)
0 2 -0 3 2.55(5) 2.44(6)
0 2 -0 4 2.69(5) 2.91(7)
0 3 -0 4 2.63(5) 2.77(7)
Mean value 2.65 2.70
O l-T -0 2 111.4(1.9)° 108.4(2.6)°
O l-T -0 3 108.8(1.9) 110.6(2.5)
O l-T -0 4 106.1(2.0) 106.0(2.8)
0 2 —T—03 104.5(2.2) 91.4(2.6)
02-T -O 4 117.8(2.4) 128.6(3.1)
0 3 -T -0 4 107.9(2.3) 110.7(2.9)
L a i L a i 3.61(4) A 4.08(1) A
Lal-O w 2 2.21(3) 2.49(9)
L a l-0 3 2.62(6) 2.46(6)
Lal-O w 3
L a l-0 2
Ow3-Ow3
A ll-0 3
A ll-0 2
A ll—L ai
A ll-A ll

2.32(15) A 
2.86(15) 
1.90(15) 
2.38(20)

2.54(4)
2.89(5)
2.93

a Values in parentheses are the estimated standard  deviations.

be less than one. However, the X-ray data in Table IV show 
a parameter of 1.00 (100% occupancy). This may be due to 
the inability of X-ray powder data to discern whether 4.5 
out of 192 atoms have been removed from tetrahedral sites 
in the framework. Furthermore, it is probable that the 
voids created by dealumination have been filled by migrat
ing silica. The silica can originate either from silicious im
purities or from degraded portions of the steamed zeolite. 
Such a process would result in a shortening of the mean 
T -0  bond. The mean T-O distance of 1.62 A in the frame
work of 24-LaY (540, stm) compared to the mean T -0  dis
tance of 1.66 A in 98-LaY (540, stm) (Table V) tends to 
support this assumption.

The infrared spectra of 53-LaY and 98-LaY steamed at 
540 and 820° show a less pronounced shift of the T -0  band 
than the corresponding 24-LaY zeolites, due to the lower 
degree of framework dealumination expected for high lan
thanum Y zeolites. This is in line with structural X-ray 
data obtained for 98-LaY (540, stm), which indicate the ab
sence of nonframework aluminum (Table IV). The decrease 
in unit cell size is also smaller: from 24.73 A for 53-LaY 
(540, v) to 24.64 A for 53-LaY (540, stm). In the case of 98- 
LaY, the unit cell size of the vacuum-calcined and steamed 
material is practically the same (Table I).

Besides the band shifts to higher frequencies, the frame

work vibrational spectra of the steamed materials show in
creased band intensities and additional absorption bands, 
which are not observed in the spectra of vacuum-calcined 
zeolites. These changes in the spectra become especially 
significant when the steaming temperature is increased 
from 540 to 820°. For example, the band in the 400-cm_1 
region, assigned by Flanigan et al. to a “pore opening” (12- 
R) vibration, appears as a shoulder in the spectrum of 24- 
LaY (540, v), as a band of medium intensity in 24-LaY 
(540, stm), and as a very sharp and strong band in 24-LaY 
(820, stm). Similarly, tl}£ band assigned to the double six- 
member ring (D-6) vibration, which is located in the spec
tra of 24-LaY (540, v) and 24-LaY (540, stm) in the 560- 
580-cm_1 region, increases sharply in intensity and shifts 
to about 610 cm-1 in the spectrum of 24-LaY (820, stm). 
Several new bands can also be seen in the spectrum of the 
zeolite steamed at 820°.

A similar effect of calcination conditions upon the spec
tra is observed for different 53-LaY zeolites, although the 
complexity of the spectrum of 53-LaY (820, stm) is less 
pronounced than that of 24-LaY (820, stm).

The least pronounced modifications in the spectra as a 
result of changing calcination conditions are found for 98- 
LaY.

It is reasonable to assume that the changes observed in 
the spectra with changing calcination conditions are not 
only the result of framework dealumination. Cation move
ment and associated framework distortions resulting from 
the hydrothermal treatment of the zeolite will clearly affect 
the infrared pattern of the zeolites. Bennett and Smith22 
have shown that dehydration and dehydroxylation of calci
um exchanged Y zeolites causes migration of the calcium 
ions, which in turn results in framework distortion and 
changes in the infrared spectrum. There is also evidence for 
the migration of lanthanum ions in LaY at high tempera
ture.2:i

Data obtained in our structural X-ray work have shown 
that cationic migration occurs readily under proper ther
mal treatment. Freshly exchanged La,NaY zeolites, which 
have been outgassed at room temperature, contain most of 
the lanthanum ions in supercage positions. However, by in
creasing the lanthanum input into the sieve (e.g., to about 
50 equiv % or higher), some lanthanum ions penetrate into 
the sodalite cages even during the exchange process. Ther
mal treatment at 540° under vacuum or steam results in a 
shift of all lanthanum ions into sodalite cages, primarily 
into sites T. Nonsteamed 98-LaY, which has already been 
submitted to a thermal treatment during its preparation 
process, contains about 75% of its lanthanum in sites V and 
the remaining lanthanum in sites II. Steaming of this mate
rial at 540° results in a shift of practically all lanthanum 
ions into sites T. As more lanthanum ions occupy positions 
within the sodalite cages, the average distance between 
these ions increases due to electrostatic repulsion. This re
pulsion causes the lanthanum ions to occupy average posi
tions closer to the center of the hexagonal prisms and thus 
reduces the average La-03 distance from 2.62 A in 24-LaY 
(540, stm) to 2.46 A in 98-LaY (540, stm) (Table V). This 
reduced distance and the resulting increased lanthanum to 
oxygen attraction increases the T-03 bond distance from
1.67 to 1.77 A.

The high concentration of lanthanum ions in the sodalite 
cages can also account for the higher number of nonframe
work oxygen atoms in 98-LaY (540, stm), since they act as 
electrostatic shields between the cations.
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There is a similar lanthanum ion distribution in LaY ze
olites steamed at 540° and those dehydrated under vacuum 
at 350°. Smith et al.23 have shown that in the later case the 
lanthanum ions occupy sites T. However, in LaY calcined 
at 725° and cooled to room temperature, the lanthanum 
ions occupy sites I' and IT.

Cationic migrations and the associated framework modi
fications will be evidently most pronounced for LaY sam
ples steamed at 820°. For example, a partial migration of 
lanthanum ions from inside the sodalite cages to a position 
near the center of the hexagonal prism, (site I) could affect 
the position and shape of the D-6 ring band. Other struc
ture sensitive bands can also be affected by cationic migra
tion.

The structural changes which take place in the zeolite 
framework during steaming at 820° are irreversible. This is 
reflected by the permanent modification of the framework 
region of their spectra.

The drastic changes observed in the spectra of LaY zeo
lites steamed at 820° suggest the possibility of structural 
rearrangement in the zeolitic framework. Such a rearrange
ment is more likely in low-lanthanum Y sieves in which a 
considerable number of sites is occupied by ammonium 
ions prior to the thermal treatment and the dealumination 
process is more advanced during the thermal treatment. 
This is supported by the similarity between '.he framework 
vibrational spectrum of 24-LaY (820, stm) and the corre
sponding spectrum of a high-temperature steamed NH4Y 
sieve. For this latter material, X-ray and infrared data 
strongly support the hypothesis of a structural rearrange
ment.1 li19-24
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The hydroxyl stretching region in the infrared spectra of thermally and hydrothermally treated low-soda 
lanthanum Y zeolites has been investigated. The spectra show that both the lanthanum content of the zeo
lite and the type of treatment affect significantly the hydroxyl stretching region. Steaming of the zeolites 
between 540 and 820° can result in partial dealumination of the framework, as reflected by the presence of 
absorption bands in the 3600- and 3700-cm-1 regions and by shrinking of the unit cell. Lower lanthanum 
content and higher steaming temperatures enhance the dealumination process. Br^nsted and Lewis type 
acidity are maintained by the zeolites even after steaming at 820°. The cationic distribution in steamed 
lanthanum Y zeolites is being discussed. Interaction of the zeolite samples with ammonia, pyridine, and so
dium hydroxide has been used to characterize the acidity of the OH groups. The bands at 3650 and 3600 
cm-1 are acidic, whereas the band at 3700 cm-1 is nonacidic. The band at 3540 cm-1 is acidic in low-lan
thanum Y zeolites, but is practically nonacidic in high-lanthanum zeolites. The bands at 3700, 3650, and 
3540 cm-1 are generated primarily by 04, Ol, and 03 framework atoms, respectively. The 3540-cm_1 band 
is also generated by OH groups attached to lanthanum ions. The type of oxygen atoms involved in OH 
groups responsible for the band in the 3600-cm_1 region is less certain, but it is assumed to belong to the 
framework.

!. Introduction
T h e  hydroxyl stretching region in the infrared spectra of 

• .rf. earth exchanged Y zeolites has been extensively de- 
-.r:> in the literature. Based on infrared data, Rabo et 

.e s te d  that rare earth ions located in the sodalite 
¡ i re ;  t h e  zeolite framework ionize adjacent water mole- 

.■qies. The resulting OH groups are retained as shields be- 
1 ween neighboring cations. Upon subsequent dehydroxyla- 
t ¡on, a  structure results in which an oxygen ion is shared by 
two ra re  earth ions. Ward2 suggests similar structures re
sulting from the hydrolysis of rare earth cations. Bolton3 
h as  sh o w n  that in rare earth exchanged Y zeolites each rare 
e a r t h  cation is associated with one molecule of water. In a 
more recent paper, Mone and Moskou4 discuss the infrared 
spectra of steamed rare earth Y zeolites and suggest that 
partial dealumination has occurred in these materials. Ja
cobs and Uytterhoeven reach similar conclusions for “deep 
bed” calcined lanthanum Y.15 Ballivet et al.5 used infrared 
spectroscopy to study the acidic properties of thermally 
treated lanthanum Y zeolites.

In this paper we present and discuss the hydroxyl region 
in the infrared spectra of lanthanum Y zeolites with vari
able lanthanum content, after submitting these materials 
to different thermal and hydrothermal treatments. The 
framework vibrational spectra of these zeolites have been 
described in ref 6.

II. Experimental Section
A. Materials. Different lanthanum Y zeolites were pre

pared as described in ref 6. Two of the samples were pre
pared by exchanging a NaY zeolite with different amounts 
of lanthanum chloride, calcining the lanthanum exchanged 
zeolite at 540° for 3 hr under vacuum, and subsequently re
moving the remaining sodium ions by ammonium ex
change. In another preparation, the ammonium exchange 
step was replaced by lanthanum exchange until the re

maining sodium content dropped below 1% Na20. The re
sulting materials contained 24, 53, and 98 equiv % lantha
num, respectively. Portions of these materials were cal
cined under vacuum at 540°, under steam at 540°, and 
under steam at 820°, for 3 hr each, respectively. Several 
samples were calcined at 400° for 3 hr under vacuum. The 
composition prior to thermal treatment and the unit cell 
size after thermal treatment are the same as in ref 6.

In our notation, the number preceding the LaY formula 
indicates the equivalent percent of lanthanum exchanged 
into the zeolite. The temperature and conditions of the 
treatment (vacuum or steam) are indicated in parentheses 
at the end of the formula.

To establish the effect of sodium hydroxide upon the dif
ferent OH groups in these materials, 2 g of sample 53-LaY 
(540, stm) was allowed to react for 2 hr with 200 ml of 0.1 N  
solution of NaOH, at room temperature. Part of the result
ing material was treated with a 0.1 N  (NH4)2S04 solution.

B. Instrumental and Infrared Measurements. The de
tails of the infrared experiments have been previously de
scribed.7 The spectra were recorded on a Beckman IR-12 
spectrophotometer, using self supporting pellets ranging in 
“thickness” from 8 to 12 mg/cm2. The pellets were heated 
under vacuum at 500° for 1 hr to remove physically ad
sorbed water, except for those calcined under vacuum at 
540°. The latter were calcined for 3 hr at this temperature 
in the cell after being formed from filter dried materials. 
An attenuator was placed in the reference beam to obtain 
full scale deflection.

Dry Baker analyzed reagent grade pyridine was adsorbed 
at room temperature vapor pressure for 2 hr after a freeze- 
pump-thaw cycle. Physically adsorbed pyridine was re
moved by heating at 200° under vacuum overnight.

Matheson anhydrous ammonia was adsorbed at several 
pressures at room temperature for 1 hr and pumped to re
move excess ammonia before running the spectrum.

Deionized water was adsorbed following a freeze-pump-
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Figure 1. Hydroxyl stretching region of thermally treated LaY zeo
lites: (A,) 24-LaY (540, v); (B,) 53-LaY (540, v); (CO 98-LaY (540, v); 
(A2) 24 LaY (540, stm); (B2) 53AaY (540, stm); (C2) 98-LaY (540, 
stm); (A3) 24-LaY (820, stm); (B3) 53-LaY (820, stm); (C3) 98-LaY 
(820, stm).

thaw cycle at either 150 or 370°. After 2 hr the temperature 
was raised to 400° to remove physically adsorbed water and 
then cooled so that the spectrum was run at room tempera
ture.

III. R esu lts
The spectra in the OH stretching region of lanthanum Y 

zeolites with different lanthanum content recorded after 
calcination at 540D under vacuum or steam and at 820° 
under steam are shown in Figure 1. All spectra have an ab
sorption band at 3750 cm-1. In addition to this, the spectra 
of samples calcined under vacuum show distinct bands at 
about 3650 and 3540 cm-1 of variable intensities. The spec
tra of samples calcined under steam show additional bands 
in the 3600- and 3670-3690-cm-1 regions. The spectra of 
samples steamed at 820° show considerably more advanced 
dehydroxylation than those samples steamed at 540°.

The adsorption characteristics in the hydroxyl region of 
thermally treated LaY zeolites are summarized in Table I. 
The effect of temperature upon the relative band intensi
ties in the OH stretching region is compared in Figure 2.

Figure 3 shows the effect of rehydration upon the hy
droxyl region of 24-LaY (820, atm), 53-LaY (820, stm), and 
98-LaY (820, stm).

Figure 4 compares the OH stretching region for 53-LaY 
(540, stm) before and after treatment with 0.1JV NaOH so
lution and subsequent treatment with ammonium sulfate. 
The sodium hydroxyl treatment affects drastically the 
bands in the 3600- and 3650-cm_1 region, and to a lesser 
degree the bands in the 3540- and 3700-cm_1 region. Reex
change with ammonium ions regenerates the initial bands. 
The same results were obtained whether the sodium hy
droxide treatment and subsequent ammonium exchange 
was done at room temperature or at 90°.

The OH stretching region for 24-LaY (400, v) and 98- 
LaY (400, v) before and after interaction with NH3 gas is 
shown in Figure 5. Figure 6 compares the OH stretching re
gion for 53-LaY (540, stm) before and after interaction 
with NH3 gas.

Figure 7 shows the OH stretching region of spectra ob
tained before and after pyridine adsorption on LaY zeolites 
steamed at 820°.

Figure 2. Effect of outgaslng temperature upon the hydroxyl stretch
ing region of different LaY zeolites. Outgasing conditions, 1 hr under 
vacuum; (A) for 24-LaY-nH20; (B) for 98-LaY-nH20; (C) for 24-LaY 
(540, stm): (AO 400°; (A2) 500°; (A3) 550°; (A„) 600°; (B0 400°- 
(B2) 500°; (B3) 550°; (B4) 60C°; (CO 500°; (C2) 600°; (C3) 700°.

F'equency , cm
Figure 3. Effect of rehydration upon the hydroxyl stretching region of 
different LaY zeolites steamed at 820°. Rehydration conditions: 4 
mm of H20  pressure at 150°, then outgasing at 400° for 1 hr. Be
fore rehydration: (A0 24-LaY (820, stm); (A2) 53-LaY (820, stm); 
(A3) 98-LaY (820, stm). After rehydration: (B0 24-LaY (820, stm); 
(B2) 53-LaY (820, stm); (B3) 98-LaY (820, stm).

Î

Frequercy , cm
Figure 4. Effect on the hydroxyl stretching region of NaOH and sub
sequent (NH4)2S04 treatment of 53-LaY (540. stm): (A) before treat
ment; (B) after treatment with 0.1 N NaOH; (C) after treatment as B 
and subsequent treatment with 0.1 N (NH4)2S04.

Figures 8 and 9 show the spectra in the 1400-1600-cm-1 
region for pyridine adsorbed on different LaY samples 
steamed at 540 and 820°, respectively.
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TABLE I: Hydroxyl Stretch ing Frequencies for LaY Zeolites

Zeolite Type T herm al trea tm

24-LaY 540°, vacuum 3680(w)
24-LaY 540°, steam 3680(s)
24-LaY 820°, steam
53-LaY 540°. vacuum
53-LaY 540°, steam 3690(m)

3675(\v)
53-LaY 820°, steam 3695(m)

8670(sh)
98-LaY 540°, •vacuum
98-LaY 540°, steam 3675(m)
98-LaY 820°, steam
weak;m = medium; s = strong; sh = shoulder; v = very.

A bsorption bands“

3650(m)
3650(s) 3600(vs) 3550(sh) ;
3650(vw)
3650(vs)
3650(s) 3600(s)

/it*

3550(w)
3550(s)
3 54p (vs)

3640(m) 3610(w) 3540(s)

3645(w) 3610(w) 3 540 (vs)
3650(m) 3615(w) 3540(vs)
3640(vw) 3540(s)

Figure 5. Hydroxyl stretching region of 24-LaY (400, v) and 98-LaY 
(400, v) before and after treatment with NH3 gas (4 mm pressure): 
(A-,) 24-LaY (400, v) before treatment; (A2) 24-LaY (400, v) after 
treatment; (BO 98-LaY (400, v) before treatment; (B2) 98-LaY (400, 
v) after treatment.

Figure 6. Hydroxyl stretching region of 53-LaY (540, stm) before and 
after treatment with NH3 gas (4 mm pressure): (A) before treatment; 
(B) after treatment.

IV. Discussion

Frequency , cm'1
Figure 7. Effect of pyridine adsorption on the hydroxyl stretching re
gion of LaY (540, stm) zeolites: (An) 24-LaY (540, stm) before Py ad
sorption; (Bd 24-LaY (540, stm) after Py adsorption; (A2) 53-LaY 
(540, stm) before Py adsorption; (B2) 53-LaY (540, stm) after Py ad
sorption; (A3) 98-LaY (540, stm) before Py adsorption; (B3) 98-LaY 
(540, stm) after Py adsorption.

Figure 1 clearly illustrates that both the degree of lan
thanum exchange and the thermal treatment affect drasti
cally the OH stretching region in the spectra of lanthanum 
Y zeolites.

A. OH Stretching Region of Vacuum-Calcined Zeolites. 
The band at 3750 cm-1 has been attributed to surface OH

Figure 8. Spectra of pyridine adsorbed on LaY (540, stm) zeolites: B, 
Br^nsted acidity band; L, Lewis acidity band: (A-0 Py adsorbed on 
24-LaY (540, stm); (A2) Py adsorbed on 53-LaY (540, stm); (A3) Py 
adsorbed on 98-LaY (540, stm).

groups or to amorphous silica impurities. The bands at 
3650 and 3540 cm-1, which are characteristic for Y-type ze-
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Figure 9. Spectra of pyridine adsorbed on LaY (820, stm) zeolites: B, 
Br^nsted acidity band: L, Lewis acidity band: (A-i) Py adsorbed on 
24-LaY (820, stm); (A2) Py adsorbed on 53-LaY (820, stm); (A3) Py 
adsorbed on 98-LaY (820, stm).

olites, become more intense when the percent of lanthanum 
exchange is increased from 24 to 53 (see Figure 1, spectra A 
and B). Such an increase in band intensities is explained by 
the assumption that OH groups responsible for these bands 
result from the hydrolysis of the lanthanum cations, as sug
gested by several authors.1,2,8 The probable mechanism for 
such a process is La(OH2)3+ La(OH)2+ + H+. The re
sulting protons attach themselves to negatively charged Ol 
atoms in the framework and generate acidic OH groups, 
which are responsible for the absorption band at 3650 
cm-1. The OH groups associated with the lanthanum ions 
generate the band at 3540 cm' 1 .1,3 Since the relative hand 
intensities are not the same in the spectra of lanthanum Y 
zeolites with different lanthanum content, it is assumed 
that both hydrolysis and hydrogen ion exchange contribute 
to the intensity of the band at 3650 cm" ; the hydrogen 
ions originate in the acidic exchange solution.3,9

In the case of low lanthanum sample 24-LaY, the band in 
the 3540-cm_1 region is probably generated not only by OH 
groups attached to lanthanum ions, but also by OH groups 
of the type encountered in HY zeolites, which absorb in the 
same spectral region; the latter are attached preferentially 
to 03 atoms in the framework. The relative broadness of 
this band in the spectrum of 24-LaY supports this assump
tion and suggests band overlapping. Thus, for 24-LaY (400, 
v) the band width at half the maximum intensity value is 
56 cm-1, whereas for 98-LaY (400, v) it is 32 cm-1. The 
band in the 3540-cm_1 region for both vacuum calcined 
24-LaY and HY has a relatively low thermal stability (Fig
ure 2). By increasing the percent of lanthanum exchange in 
the zeolite the number of the thermally more stable OH 
groups attached to lanthanum increases; this results in a 
relatively strong and sharp band at 3540 cm- 1  in the spec
tra of 53-LaY and 98-LaY which remains intense even at 
high temperatures (Figure 2). The change in the type of 
OH groups absorbing in the 3540-cm_1 region will also con
tribute to the already mentioned change :n relative band 
intensities.

An advanced degree of lanthanum exchange, as in 98- 
LaY (540, v), results in the replacement by the highly selec
tive lanthanum ions not only of the remaining sodium ions, 
but also of part of the hydrogen ions in the acidic OH 
groups responsible for the band at 3650 cm" 1.3 This is re
flected in Figure 1, spectrum Ci, in which the band at 3650 
cm- 1  is considerably weaker than in spectrum Bi.

B. OH Stretching Region of Zeolites Steamed At 540°. 
The additional bands at about 3600 and 3670-3690 cm-1,

which appear in the spectra of lanthanum Y zeolites 
steamed at 540°, are the result of chemical interaction be
tween steam and the zeolite. These bands are not generated 
by physically adsorbed water, since no band could be de
tected in the 1640-cm_1 region of the spectra.

Absorption bands in the 3600- and 3700-cm_1 region 
occur in the spectra of steamed ammonium Y zeolites and 
have been related to framework dealumination.7,10" 12 The 
dealumination of LaY zeolites in the presence of steam has 
already been discussed.6 It was shown that, under other
wise eqqal conditions, the most advanced dealumination 
can be expected in 24-LaY (540, stm) and the least dealum
ination in 98-LaY (540, stm).

If we assume that the band intensities at 3600 and 
3670-3690 cm- 1  reflect the degree of dealumination of the 
zeolitic framework, then the spectra shown in Figure 1 tend 
to support the concept outlined above. The two bands are 
the strongest in the spectrum of 24-LaY (540, stm), which 
has the lowest lanthanum content. Their intensities de
crease with increasing lanthanum content, with the 3600- 
cm" 1 band decreasing much faster. In the spectrum of 98- 
LaY (540, stm), only a relatively weak band can be seen at 
3680 cm- 1  and the band in the 3600-cm“ 1 region has al
most disappeared. At constant lanthanum content, the 
thermal stability of the band in the 3600-cm_1 region is less 
than that at 3700 cm- 1  (Figure 2 ).

As in the case of vacuum-calcined samples, the spectra of 
steamed samples show that the intensity of the 3540-cm_1 
band increases with increasing lanthanum content in the 
zeolite. In 24-LaY (540, stm) this band is strong enough to 
appear as a shoulder, while it is almost undetectable in 24- 
LaY (540, v). The 3650-cm_1 band is also more intense in 
the spectrum of the steamed sample compared "o the vac
uum-calcined zeolite. These stronger absorptions are prob
ably due to a suppression of dehydroxvlation in the pres
ence of steam and an increase of thermal stability of OH 
groups attached to the partially dealuminated framework. 
A similar phenomenon has been observed in the case of 
NH4Y zeolites.7

The effect of increased lanthanum content on hydroxyl 
groups in steamed LaY zeolites has also been investigated 
by X-ray diffraction. A summary of nonframework species 
found in 24-LaY (540, stm) and 98-LaY (540, stm) from 
X-ray data is given in Table II (ref 6). Our structural inves
tigation6 has shown that in 24 LaY (540, stm) there is prac
tically an equal number of lanthanum ions (in sites I') and 
oxygen species (in sites U) within the sodalite cages, at an 
interatomic distance of 2.21 A between sites. The short 
L a-0 bond strongly suggests the existence of La(OH)2+ 
species in the sodalite cage. The X-ray data indicate that 
the nonframework aluminum ions (about 4.5 Ali+ per unit 
cell) are not bonded to any nonframework species.

The occupancy of nonframework sites in 98-LaY (540, 
stm) is somewhat different. As more lanthanum ions occu
py positions within the sodalite cages, the average La to La 
distance increases due to electrostatic repulsion. The repul
sion causes the lanthanum ions to occupy average positions 
closer to the center of the hexagonal prism and thus reduc
es the average La-03 bend distance from 2.62 to 2.46 A 
(see Table V in ref 6).

The high concentration of lanthanum ions in the sodalite 
cages of 98-LaY (540, stm) could also explain the very high 
concentration of nonframework oxygen species. For each 
lanthanum ion we found about 1.5 nonframewirk oxygen 
atoms, located primarily in sites II'.
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The band at 3600 cm- 1  in the spectrum of 53-LaY (540, 
stm) disappears when treated with 0.1 N  NaOH, revealing 
its acidic character. This effect was also observed in the 
spectra of steamed NH4Y zeolites.7’10 The band was regen
erated by ammonium salt treatment suggesting that the 
OH group was not eliminated by reaction with NaOH but 
underwent an ion exchange process in which the protons 
were replaced by sodium ions. However, the 3600-cm_1 
band is unaffected by NH3 indicating the weakly acidic na
ture of this OH group. The band is also unaffected by pyri
dine adsorption, due to both weak acidity and inaccessibil
ity of these OH groups.

The strong interaction of the 3650-cm_1 band with 0.1 iV 
NaOH, NH3, and pyridine reflects the strong acidity of this 
band, which disappears upon the addition of any of these 
bases. The effect of pyridine on this band in both vacuum 
and steamed samples indicates that this hydroxyl group is 
obviously located in the zeolite supercage. The 3650-cm_1 
band in the alkali-treated 53-LaY (540, stm) sample is re
generated by ammonium salt treatment.

The band in the 3670-3700-cm_I region in 24-LaY (540, 
stm) and 53-LaY (540, stm) appears to be composite in na
ture. After sodium hydroxide and pyridine treatment, a 
nonacidic component near 3700 cm- 1  becomes more dis
tinct. The acidic component predominates in 98-LaY (540, 
stm) and disappears after pyridine adsorption. These re
sults tend to support our conclusion that the OH groups re
sponsible for the band in this region are located in the su
percages.

Finally, the decreased intensity observed for the silai ipl 
band at 3750 cm- 1  after pyridine adsorption is prpfcpl y 
due to a weak hydrogen bond type interaction. The band 
appears also to te  affected in this way by NK3 adsorption

F. Effect of ?/eolite on Adsorbed Pyridine Spectra. The 
presence of a band at 1545 cm- 1  in the spectra of adsorbed 
pyridine indicates the presence of Br^nsted acidity ir. all 
the zeolite samples, even in those steamed ar 820° (Figures 
8 and 9). These spectra also show the presence of two 
species of Lewis-bound pyridine: one characterized by the 
band at 1455 cm-1, which is indicative of the presence of 
tricoordinated framework aluminum; the oTier evidenced 
by a band at 1445 cm-1, which is due to a pyridine-cation 
bond. An increase in lanthanum content anc higher steam
ing temperature increases the density of species character
ized by the 1445-cm_1 band, with a corresponding decrease 
in the density of species characterized by the 1455-cm_I 
band.

The absence of a band at 1445 cm- 1  in the spectra of

vacuum -ca lc ined  m a teria ls  a t  540° ind ica tes  th e  absence  of 
la n th a n u m  ca tions in th e  supercages of th e se  zeolites. 
A m ong th e  la n th an u m  Y zeolites steam ed  a t 540c , only  98- 
L aY  (540, stm ) show s a  ban d ',a t ab o u t 1445 cm -1 , su g g est
ing th e  p resence of som e la h ih an u m  ions in  th e  supercage . 
H ow ever, la n th an u m  ions could n o t be detec ted  in  th e  s u 
percages o f 98-LaY  (540, stm ) by X -ray  d iffrac tion , and  we 
th e re fo re  assum e th a t  th e ir  p resence in supercages is m a r
ginal. S ince th e  sp e c tra  of pyrid ine ad so rb ed  on 24-LaY 

'..(540, stm ) and  53-LaY  (540, stm ) do no t show  a b and  in  th e  
1445-cm -1 region, we conc.ude th a t  n e ith e r la n th an u m  nor 
ca tion ic  a lu m in u m  species are  located  in th e  supercages of 
these  sam ples. S tru c tu ra l X -ray  d a ta  su p p o rt th is  a s su m p 
tio n .6

All th e  sp ec tra  o f p y rid ine  adso rbed  on sam ples s team ed  
a t  820° show  th e  presence of a b an d  a t  1445 cm -1 , in d ic a t
ing th e  p resence of cation ic  species in  th e  supercages o f 
th ese  m a teria ls . T h e  in te n s ity  of th is  b an d  increases w ith  
increasing  la n th an u m  con ten t, re flec ting  th e  h igher con
c e n tra tio n  of la n th an u m  ions in th e  zeolite supercages. 
S ince th e  fram ew ork  d ea lu m in a tio n  process u n d e r  steam  is 
fa irly  advanced  a t  820°, it is conceivable th a t  sem e of th e  
nonfram ew ork  a lum inum  species will also end  up  in th e  s u 
percage.
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In this article, we calculate pseudocontact shifts for tetragonal high-spin Co(II) complexes using a crystal 
field model. Calculated results for the dipolar field strength and its variation with temperature are com
pared with values derived from experimental measurements on complexes of the form Co(CH30 H)sX2+. 
The calculation involves evaluation of the anisotropy of the magnetic susceptibility, and proceeds by the 
following steps: (a) from the crystal field parameters Dq, Ds, Dt, and B the three orbital wave functions of 
lowest energy are found, (b) The effect of spin-orbit coupling over the 12  states (three orbital wave func
tions coupled with four spin states) is evaluated, (c) The parallel and perpendicular components of the 
magnetic susceptibility are calculated, considering only these 12  states but taking into account thermal 
populations. It is shown that good numerical agreement can be obtained with experimental results for the 
cipole field strength and its temperature dependence. However, the calculations show that the linearity 
found when pseudocontact shifts are plotted against reciprocal temperature is only apparent, making sim
ple interpretations, or extrapolation of the plots so obtained, meaningless.

I. Introduction
The pseudocontact or dipolar shift, caused by the prox

imity to the nucleus studied of a paramagnetic center in an 
anisotropic environment, has recently been an extremely 
active field of research, both theoretical and experimental.1 
Much of this work involves the use of the pseudocontact 
shift and “shift reagents” in studies of molecular structure 
and bonding. However, it has been emphasized by many 
authors in this field that pseudocontact shift studies are 
often fraught with ambiguity, so that theoretical studies 
which can be of help in adding to our understanding of the 
effect are still welcome.

Recent studies by Vriesenga and coworkers2 measured 
contact NMR shifts for the cis and trans methanol methyl 
resonances of a series of ColCHgOHRX24 complexes. In 
these systems, many of the ambiguities connected with in
terpretation of the spectra and of the shifts, which enter 
other studies, are absent. We have discussed a method2 of 
separating the observed shifts into Fermi contact and pseu
docontact contributions. The pseudocontact shift for nu
cleus i is given as

where the triangular bracket is the average over internal vi
brations and rotations of a factor depending on the location 
of nucleus i relative to the paramagnetic renter. (Here, t'o is 
the resonance frequency, 100 MHz.) Ry calculating this, we 
derived values of D for the Co(CH30 H).-,X2+ complexes.

Subsequently, experimental information was obtained 
on D as a function of temperature.4 Some of this data are 
given in section V (see eq 22 and Table II). The apparent 
straight lines obtained when D was plotted against 1/T 
suggested a simple qualitative explanation of the pseudo- 
contact shifts in terms of a crystal field model for the para
magnetic ion. The value of D depends on the anisotropy of 
the magnetic susceptibility of this ion. Normally, magnetic 
susceptibilities consist of a term proportional to 1/T (the 
“g factor" term) and a term independent of T (the “high- 
frequency” term). Both are calculable within the crystal

field model. Furthermore, plots of shifts i/jD for cis and 
trans protons vs. 1/T, extrapolated to low values of 1/T, 
crossed for positive values of 1/T.

We now believe that the thermal population of excited 
levels is important, and that the straight lines on the t/jD vs. 
1 / T plots are only apparent, so that extrapolation to a 
crossing point is not meaningful. However, calculations 
with the crystal field model using reasonable values for the 
parameters led to values in accord with experiment for D 
and its variation with temperature for the region for which 
experimental measurements were made.

This means that, at least in the present case, pseudocon
tact shifts can be explained in a crystal field framework. It 
should be emphasized that the number and quality of mea
sured shifts, plus the simple and well-known geometries of 
the methanol complexes, make the available information 
on n  more reliable and extensive than for most other sys
tems studied. Obtaining exact agreement with experiment 
is not our principal goal, since the exact values of the pa
rameters used in the calculation cannot be determined in
dependently. Thus, only a few complete calculations are 
given.

We are more interested in explaining the signs, magni
tudes. and temperature dependencies of the shifts in differ
ent CoiCHiOHb.X24 complexes. As late as 1971, Forster5 
could note that, while the importance of the pseudocontact 
contributions to NMR shifts of Co complexes had been 
clearly demonstrated, the explanation of the signs and 
magnitudes of the shifts was as yet lacking.

Of course, other calculations of D for various systems 
have been performed. Gerloch and Mackey*1 performed cal
culations of energy levels and magnetic moments for ytter
bium (f1:!) and cerium (f1) ions as a function of spectroscop
ic and other parameters, using a crystal field model. Values 
of the parameters were determined to fit experimentally 
measured susceptibilities. Subsequently, these authors sys
tematically extended' this work to other lanthanide ions: 
terbium (T), neodymium (f!), erbium (fu ), thulium, (f12), 
europium (f6), praseodymium (f2), and dysprosium (f9). 
Similar calculations on lanthanides were recently present

The Journal of Physical Chemistry, Voi. 79. No. 12, 1975



Calculation of Pseudocontact Shifts for Co(CH3OH)5X2+ 1207

ed by Golding and Pyykkó.8 Using a generalization of a 
theory developed by Bleaney,9 pseudocontact shifts and 
their temperature dependence were calculated and com
pared to experiment. Bleaney9 used a spin hamiltonian to 
take into account zero field splitting due to the crystal 
field. His theory considers only the thermally accessible 
states, but corrections for neglect of higher states in the 
high-frequency susceptibility are estimated. The sign of D 
and relative magnitudes for different lanthanides are pre
dicted and experimental evidence confirms the predictions.

Extensive ligand field calculations on tetragonal low-spin 
cobalt(II) phthalocyanine derivatives were performed by 
Engelhardt and Green.10 (Our compounds are tetragonal 
high-spin.) Kurland and McGarvey11 carried out calcula
tions of pseudocontact shifts for some theoretically simple 
cases to illustrate their theoretical discussion. McGarvey12 
used the Kurland-McGarvey formulas (see below) to calcu
late contact and pseudocontact shifts in trigonal Co(II) 
complexes. As we do below, McGarvey found the high-fre
quency terms comparable in size to the g factor terms. 
Using values of spin-orbit coupling parameters and energy 
level splittings employed by Jesson13 for related com
pounds, McGarvey12 calculated D at 30° in good agreement 
with a measured value. Contributions of excited electronic 
energy levels (except those from the lowest crystal field 
terms) were neglected, as we do below. Jesson13 had, in an 
ad hoc way, corrected g values to take this into account and 
also corrected the spin-orbit coupling for covalency, but 
McGarvey found the corrections largely cancelled. LaMar 
et al.14 measured temperature dependence of shifts and 
found excellent agreement with McGarvey’s results.

Their studies, of the temperature dependence of pseudo
contact shifts in trigonal Co(II) complexes, considered par
ticularly the deviations from a Curie law (D proportional to 
T-1 ). They emphasized that one must have results at a se
ries of temperatures in order to demonstrate agreement of 
theory with experiment, as they did using McGarvey’s ■ 
theory.12 The temperature dependence of pseudocontact 
shifts due to Yb(DPM)3 was studied by Beauté et al.,15 who 
found that straight lines were obtained by plotting shifts 
vs. T~1/2, and that there always existed a value of T  for 
which the shifts were nearly zero. They explained the T~ 1/'2 
behavior in terms of formation of a collision-type complex. 
Perry and Drago,16 discussing the temperature dependence 
of contact shifts, considered a number of possible causes 
for nonzero intercepts in plots of shifts against T~1.

For some trigonal Co(II) systems, Jesson17 calculated D 
using values for g factors obtained from solid state EPR 
data. He noted the importance of thermal population of 
low-lying states but did not consider high-frequency terms 
in the susceptibility. Other workers have continued to use 
this technique, although possible sources of error in using 
solid-state data for species in solution are recognized. Pseu
docontact shifts for tetrahedral Ni(II) and Co(II) com
plexes, low-spin trigonal Co(II) complexes, as well as other 
species, have thus been predicted.18 Data on magnetic 
properties from EPR and on level spacings from spectros
copy may also be used for such predictions, and good agree
ment with experiment is found.14

In the next section, we review the theory needed for the 
calculation of pseudocontact shifts due to Co(II) in a tetra
gonal environment, in the framework of a crystal field 
model. Subsequent sections give analysis of the secular 
equations with an aim of showing how the calculated values 
of D arise from crystal field and other parameters. In sec-

tion V, we consider the dependence of D on temperature 
and give some results of a complete calculation.

II. T heory

The basic theory of the pseudocontact shifts for tum
bling molecules was formulated by McConnell and Robert
son.19 Additions to the theory, to take into account differ
ent relative time scales for electronic relaxation, molecular 
tumbling, and the Zeeman anisotropy energy; high-fre
quency terms in the susceptibilities; and thermal popula
tion of excited states, were given by LaMar,20 by Jesson,21 
and by Kurland and McGarvey.11 Different formulas for 
the pseudocontact shift, differing in the expression for the 
dipolar field strength, are obtained for different relative 
time scales. Because of the fast electronic relaxation, the 
Co2+ complexes discussed in the present work fall under 
the “solid-state” case, wherein 1 / t «  |g|| — g ̂ n n /H h * 1 
and T¡e «  t . Here, r is the tumbling correlation time, T\e 
the electronic relaxation time, gy — g L the anisotropy in g 
factors, and mb the Bohr magneton.

Kurland and McGarvey,11 following an earlier suggestion 
by Horrocks et al.,22 gave the dipolar field strength in 

. terms of the principal components of the magnetic suscep
tibility, and emphasized the importance of the paramag
netic, or high-frequency terms. They carried cut calcula
tions for orbital singlets. Their theory, which was extended 
and used successfully by McGarvey12 (see preceding sec
tion), included thermal population of several states, zero- 
field splitting, and a ligar.d contribution to the pseudocon
tact shift. Horrocks et al.22 investigated components of the 
susceptibility for some Co compounds, including measure
ments of the solid state, wherein the parallel and perpen
dicular components can be measured separate.y. Forster5 
obtained pseudocontact shift data for trans Co(py)4X2 and 
Co(y-pic)4X2 complexes, and deduced gy > g x for X = Cl 
or NCS, g < g ± for X = I or Br. Buckingham and Stiles23 

* generalized the pseudocontact shift formulas to include 
higher magnetic moments than dipole moments.

We shall consider only magnetic dipoles, but include 
thermal population of excited levels and the temperature- 
independent terms in the susceptibility. The agreement of 
the experimental results of LaMar et al.14 on trigonal 
Co(II) complexes with the calculations12 based on the Kur
land-McGarvey theory11 shows that both effects make ex
tremely important contributions. Presumably, our system 
really possesses axial symmetry, so that complications due 
to deviations from such symmetry2124 are ignored.

With the values of time constants that obtain for our sys
tems, the origin of the pseudocontact shifts may be thought 
of as follows. For each orientation of the molecule in the 
magnetic field, a magnetic dipole moment, proportional to 
the field and to the magnetic susceptibilities, is induced at 
the paramagnetic center (metal ion), which in turn leads to 
an additional magnetic field at a proton. Because of the 
asymmetric environment of the paramagnetic center, the 
induced moment is generally not in the direction of the 
field, and averaging over all orientations of the molecule 
does not lead to a zero result. Instead, one obtains a net 
shift proportional to the asymmetry of the magnetic sus
ceptibility of the paramagnetic center.

In general, the pseudocontact shift for a protun in a mol
ecule becomes a product of a geometric factor, which de
pends on the proton’s position, and a dipolar field factor, 
which is the same for all protons in the molecule. The latter 
factor is the subject of our calculations; for our systems,
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this requires the anisotropy of the magnetic susceptibility, 
XU -  x±, where || and JL refer to the fourfold symmetry 
axis of the monosubstituted tetragonal complex.

The susceptibilities have temperature-independent 
(high-frequency) and temperature-dependent (g factor) 
parts for a given electronic state. The formula (eq 2) for the

J(J  ± 1) Cg~„2 -  g j2) PB2 +
x„ Xi 3kT

+ 2Sgl ¿)12 -  \( j\L x + 2Sx\i)\*nB> (2)
j Es “  Ei

anisotropy of the susceptibility for a single state must in 
general be multiplied by a Boltzmann weighting factor and 
summed over occupied states. In eq 2, J  is the effective 
spin for a level and will generally be \  (Kramers’ doublet), 
HB is the Bohr magneton, and the sum is over states j  not 
including i, with energy E,. Also, g\\ and are the g values 
for the state in the parallel and perpendicular directions, 
while Lz and SZ(LX and Sx) are the orbital and spin angular 
momentum operators in the parallel (perpendicular) direc
tions. The diamagnetic contributions to the susceptibilities

H =  (7/2) .Ds 

I = (35/8 )Dt
If one agrees to use the free-ion value for B and the value 

obtained for the octahedral hexamethanol complex for Dq, 
two free parameters, describing the degree of tetragonality, 
remain. It is common to obtain Dt from the Dq values of 
the axial (z) and equatorial (x ) ligands in a monosubstitut
ed octahedral complex according to the formula27

Dt = |  (Dqx -  DqM) (3)

Unfortunately, in the present case Dq values for the lig
ands considered are insufficiently known with Co2+. The 
parameter Ds can be shown to be proportional to Dt for a 
simple point charge model,28 the constant of proportional
ity depending on the metal; we have estimated Ds ~  
1.42Z)i. Such a proportionality holds in the vast majority of 
cases that have been studied, but exceptions to the rule 
exist as well.29

In terms of the parameters Dq, Ds, Dt, and B, the two 
secular equations of AP are given in eq 4a and 4b. The or-

- 6Dq + 6Dt -  | l » s  4Dq -  4Dt + ^  Ds

ADq 4 Dt + Ds□

4Dq -  -D t : Ds

--H  ( Ds +!«)

1415 B + ~ D s  5

on/ 9
- 6 Dq + ^  |  Ds ADqA o

15B -  -D s  5

-D :\2D S  + -¿Dt

M ds - !«)i c s  + %u j

(2Ds + i0')
2 Dq + -D t

(4a)

(4b)

have been ignored; they are easily shown to be very small 
compared to the others.

The formalism needed for computation of x II — x_l >n the 
case of high-spin tetragonal Co2+ complexes (as well as 
complexes with trigonal symmetry) has almost all been 
given by Abragam and Pryce.25 The Co2+ ion, with seven d 
electrons, has a 4F ground term, and a relatively low-lying 
4P term (~14,000 cm- 1  above the ground term) arising 
from the same configuration. In the presence of an octahe
dral field, there is significant mixing of the three states of 
the 4P term (of orbital symmetry T ig) with the states of the
4F term. When a tetragonal field is added, one obtains two 
low-lying energy levels, one singly degenerate and one dou
bly degenerate, from the lowest T ig state. The effect of 
spin-orbit coupling on the 12  states arising from the cou
pling of the two low-lying levels with the spin quartet is to 
give six Kramers’ doublets, spread over an energy range of 
the order of 103 cm-1. We will use these states for the cal
culation of x|| and x±-

Let us consider the above with attention to the parame
ters that enter. The difference in energy between the free 
ion 4P and 4F terms is designated by Abragam and Pryce25 
(henceforth referred to as AP) as Ep; a more common no
menclature is 15B. The parameters for the crystal field 
used by AP are G (for the octahedral field), H, and I  (for 
the tetragonal part). In terms of the more usual quan
tities26 for describing a tetragonal field

G =  21 Dq -  (49/4)Dt

bital functions ir arise from the excited P term and the oth
ers from the F term, with 0 being the T ]g species and ip the 
T2g species. The 0y, iry, and functions of course have a 
secular equation identical with the x; the remaining two 
functions (x and ip in AP’s notation) are of symmetries A2g 
and B ig and hence not mixed in the tetragonal field. The 
solution of the secular equations gives, as wave functions 
for the lowest level of each secular equation

<t>x = -  TVX -  pibx> energy Ex (5a)
<£/ =  -  t ' uz , energy Ez (5b)

The energy difference Ez — Ex is denoted by A.
The perturbation hamiltonian for spin-orbit coupling, 

XL*S, is now introduced. The value of the spin-orbit cou
pling constant X is so far not known. One has to diagonalize 
XL*S over the 12 states formed from coupling 4>x , 0 / ,  and 
<bz with the spin states for ms = ±1/2 and ±3/2. By form
ing from 0/  and 0 /  the symmetric and antisymmetric 
combinations, AP achieve a simplification in the secular 
equation. If the symmetric and antisymmetric combina
tions are assigned fictitious magnetic quantum numbers mi 
of 1  and —1 , and 0/  the quantum number mi of 0, the spin- 
orbit operator, operating on these 12  states, may be shown 
to be equivalent to

- a \ L z S, -  a ' \ ( L xSx + L VSX)
with

a =  | e 2 -  Vlfjep ± | p 2 -  t2 (6a)

The Journal o f Physical Chemistry, Vol. 79, No. 12, 1975



Calculation of Pseudocontact Shifts for Co(CH3OH)5X2+ 1209

a' =  | e e '  + -  rr' (6b)
Z  Z

The effective hamiltonian is written as
tC =  A(1 -  L,2) -  a \L zSz -  q-'X(LxSx + LySy) (7)

The 12 X 12 matrix of W actually breaks down into six 
blocks, corresponding to values of m, the eigenvalue of Lz + 
S2, equal to 5/2, 3/2, 1/2, —1/2, —3/2, —5/2. The dimensions 
of the blocks are, respectively, 1, 2, 3,,3, 2, 1; and the first 
three are identical with the last three.

At this level, there are thus three parameters: A, a\, and 
a'X. The free-ion value of X is about —180 cm-1, while a 
and a’ turn out to be about 1.4. Of course A, a, and a' are 
calculable from a knowledge of B, Dq, Ds, and Dt. It is well 
known that in using the ligand field model it is generally 
necessary to reduce X from the free ion value.26’30 A reduc
tion of about 20% for Co2+ seems appropriate.30

It is convenient to express energies in units of a \  (a neg
ative quantity). Letting d = A/nX and c = (a'/ct) — 1, the 
secular equations have the following forms (the states are 
labeled with mi and ms):

5
m = i g i

3 "

. 2 . * 1 4
3 ¡3, 3

m = ± 2 : d

/3

1 2  C +  1} 

1
0 *2 

1
.  J  2 (c  +  1 ) - g  J±X  *2

I  __ + " 0
-  ¡ h e  + l)d  ~ f2 (c  +v z

0 - / 2 ( c  +  1) |

( 8 a )

1 )

( 8b)

±x4  

0 4  

^ 4
( 8 c )

The anisotropy is expressed by the values of c and d; in oc
tahedral symmetry c = d = 0. The state of lowest energy 
corresponds to the highest eigenvalue of these matrices. 
Clearly, the higher eigenvalue for m = ±3/2 is higher than 
that for m = ±5/2, while that for m = ±1/2 is the highest, 
as can be seen by comparing its upper left 2 X 2 block with 
the m = ±3/2 submatrix. Therefore, the lowest energy, 
which is obtained from the eigenvalue by multiplication by 
the negative quantity aX, arises from the m = ±1/2 block.

Having determined the six eigenvalues and eigenvectors 
for the Kramers’ doublets, we can use them to calculate xil 
and x _l  for any of them by eq 2. The g values are simply

g„ = 2(i*\L, + 2SZ|/+) (9a)
gL =  2(/+ j Lx + 2SX | i j  (9b)

where i+ and f_ are the two members of the Kramers’ dou
blet. A correction must be made to take into account mix
ing in, by the sp:n-orbit coupling, of orbital states with 
energies above the <t>' states (eq 5). This is discussed by AP, 
who find corrections of a few percent, which represents the 
size of the ratio of |aX| to the energy difference, i.e. ~250/ 
9000. We shall neglect these corrections to g\\ and g L (see 
ref 25, 12, and 13). Correspondingly, we neglect contribu
tions of higher orbital states to the high-frequency terms of 
the susceptibility, so that both i and j  in eq 2 will always be 
members of the set of six Kramers’ doublets. This and the 
use of a crystal field formalism are the basic approxima
tions in our calculations.

To go from the parameters Ds and Dt to susceptibilities 
requires, in the present models, solution of two secular 
equations. The first is eq 4, and produces calculated values 
of a, a', and A, from which c = (ot’/a) — 1 and d -  A/(aX) 
are calculated; this will be discussed in section III. The sec
ond secular equation, eq 8, leads to wave functions from 
which magnetic properties are calculated, and will be con
sidered in section IV.

III. The P aram eters c and d

We consider the secular eq 4 for <j>x' and <j>/, assuming 
that values are known for B, Dq, Ds, and Dt. Calculating 
Dt from estimated values of the substituent and of metha
nol (eq 3), we find relatively small values for all the cases of 
interest to us. For example, estimated values32 of Dq for 
CH3OH and Y-picoline are 900 and 1100 cm-1, respective
ly, so that Dt = —57 cm-1 . The value of Ds is estimated as 
\A2Dt = —81 cm- 1  according to an interpolation formula28 
for the Ds/Dt ratio. Similarly, Dt is estimated as 1 cm- 1  for 
DMSO and —2 cm- 1  for H2O. We can therefore say that we 
are always dealing with cases of low tetragonality. This al
lows a perturbative treatment of the effect of Ds and Dt. 
We first neglect Ds and Dt in (4) and solve the resulting 2 
X 2 secular equations, yielding energies E 1 and E2 {E1 < 
E 2) and corresponding eigenvectors (coefficients) (a, b) 
and (b, —a). Here, a2 + b2 = 1. and the values of a and b 
depend on the values of B and Dq. For the reasonable 
values, B = 825 cm- 1  and Dq = 900 cm-1, a ~  0.98 and b ~  
—0.20. We now transform the secular equations for x and z 
to the basis of these eigenvectors.33 The lowest eigenvalues 
of each matrix may now be evaluated by perturbation theo
ry to second order. It is in each case the upper left diagonal 
matrix element plus a sum of squares of first-row off-diago
nal elements divided by differences of diagonal elements. 
In calculating A, E\ cancels out as expected. Performing 
the necessary algebra we obtain

A =  a2^ D t  -  | Ds) + 2ab(^~D t + +

b2( ^ Ds) <10)
after dropping second-order terms in Ds and Dt.

We expect ab to be negative; a2 and fc2 are of course pos
itive. Let us write K for the ratio Ds/Dt; we expect K  to be 
about 1.4. With a = 0.98 and b = —0.20, the first-order 
terms become (4.5 -  2.4 K)Dt. Thus A has the sign of Dt 
unless K is unexpectedly large and positive. With K = 1.42, 
A has about the numerical value of Dt. That the first-order 
terms suffice is shown by the case of 7 -picoline, for which 
the exact calculation for K = 1.42, using the secular equa
tions, gave A = —66 cm-1, while the above formula yields 
—68 cm-1. It may be repeated that A and Dt will not have 
the same signs if K is greater than 1.9. as is the case31 for 
Cu2+.

We now consider the o-' to a ratio and the value of c by a 
similar method. The coefficients e, r, p, e and t' are com
puted by first-order perturbation theory. The eigenfunc
tions, written as column vectors, are, from (4a) for 0 /

+

ab (( « «  -  IT Ds)I + (52 -  a2) 1r 4“  +
E1 E 2 '

( U a )
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and, from (4b) for 4>x

From these, the parameters of eq 5 can be read off directly, 
for evaluation of a and a' using eq 6. We keep terms to first 
order, and, after considerable algebra, obtain
c =

a2b2 + («&3 -  a3&) (sDs -  ~  Dt ĵ

( § « 2 -  -  E2)

TABLE I: E igenfunctions and E igenvalues of the 
Secular Eq 8 for O ctahedral Sym m etry (c = d = 0)

E igen- Value 
Eigenfunction value of m

i ‘ !>
-3 /  5 \

2 « \  2 /

y f i 4 > + y f i o l>
-3

2 «X ( ! )

y f i i l > - / f i ° l > la x ( ! )
-3-aA ( ! )

la x ( ! )
_ y r | 1 3 ) + / r | 0 i ) _ y r | i i

2 1 2 / * 3 2 ' 6 ' 2'
5-a x

( ! )
1 -> + J -  IO-) -  / -  Ï - )  

2 1 2 3 2 6 1 2
5
2 «X ( t )

f~6 ï 3. / T , ï . /T ! - 1 , 
1 5 ^ 2  + i5  ̂° 2 0 I V laX ( ~ 1 \

V 2 /

For y-picoline, with the parameter values quoted above, 
this formula gives c = —0.033, to be compared to the exact 
value (from secular equations) of —0.035.

In considering the sign of c, we find that the expression 
is dominated by the second term. The denominator is 
clearly negative, while a (a + 2b) is positive. Therefore c 
should have the sign of Ds and Dt; if Ds and Dt have dif
ferent signs, their relative magnitudes determine which 
sign dominates. With a = 0.98, b = —0.2, and Dq = 900 
cm-1, the second term gives

c =  23 x 10-5 [ k  + Dt (cm -1) (13)

which, for our 7 -picoline data, yields c = —0.035.
Therefore, we expect c and A to have the sign of Ds and 

Dt. This means c and d = A/a \  should have opposite signs. 
Both c and d may be considered, under these circumstanc
es, as reflecting the relative crystal field strengths of the 
substituent and methanol.

IV. Suscep tib ilities for Low Asym m etry

We now turn to the secular eq 8, where both c and d are 
small compared to unity, signifying that the tetragonality is 
low. The states used as basis for these secular equations are 
products of spin functions for spin 3/2 and spatial func
tions over which the orbital angular momentum matrices 
are known. The secular eq 8 break down into blocks25 by m 
= mi + ms, and the matrices of L2 + 2Sz and Lx + 2SX are 
easily calculable in this basis. The former is diagonal in m, 
and the latter has nonvanishing elements between func
tions differing by unity in m.

To obtain the eigenfunctions, we again resort to pertur
bation theory. If c = d = 0 (pure octahedral symmetry) the 
secular equations may be solved exactly to give the eigen
functions and energies (m values in parentheses) of Table
l. The basis functions are labeled by the eigenvalues m; and
m , ; overbars represent minus. Since c*X is negative, the low
est energy is (5/2)aX. As long as c and d are small, the pres

ence of tetragonality will not change this. It is now straight
forward to transform the matrices of Lz + 2S2, Lx + 2Sx, 
and the effective hamiltonian to the basis of Table I.33

Then one can write the eigenfunctions of the secular 
equations using first-order perturbation theory. Of course, 
these are expressed in terms of the eigenfunctions for pure 
octahedral symmetry. For instance, the ground state wave 
function is

i l )

m =

m + 7c + Id  1 
“ 9 7 5 " - ^ 1 ,

+ c + d I _ 
4 /5

where we have labeled the octahedral eigenfunctions by 
their energies (in units of a\) and their m values. They are 
given in terms of the original basis by the coefficients in 
Table I. The g values are easily calculated to this order 
using the matrices of Lz + 2SZ and Lx + 2Sx

g„ = 2 (11L, + 2S ,|l>  =  A [ 9 ( o + 5) -

(14c + 4d)(a + 2)] (15a)

&. =  2 (11 Lx + 2 S jl>  =  + 5) +

(7c + 2d)(a ' + 2)] (15b)
The state | Ï > is the degenerate partner of 11 ), with m = 1/2. 
For 7 -picoline, eq 15 give g\\ = 4.56 and g± = 4.323, which 
differ by only 0.1 % from the values calculated from the full 
secular equation. When c = d = 0 and a = a’ (octahedral 
symmetry), g\\2 = g±2 as expected. A direct calculation of 
the anisotropy to first order gives

g ,,2 -  g j  = ~(8/27)[(7c + 2d)(a  + 5)(a + 2) +

3 ca (a  + 5)] (16)
For 7 -picoline, this formula gives —1.428 while the correct 
value is —1.467. It may be noted that we are here calculat
ing the small difference between two almost equal num
bers.

Since c and d are expected to have opposite signs, the 
sign of eq 16 is not evident. With a ~1.4, the right side of 
eq 16 becomes roughly -53c -  13d, into which we insert

The Journal o f Physical Chemistry, Vol. 79, No. 12, 1975



Calculation of Pseudocontact Shifts for Co(CH3OH)5X2+ 1211
our approximate expressions for c and d: d = 1.19Df/(aA) 
= —0.0047Dt, c = 0.00061Di (A = —180 cm- 1  used here). 
This gives

g j  “  g J  ~  0.0297X.1 (cm ")

which is —1.6 for A-picoline (exact value, —1.5). If A = —150 
cm- 1  is used instead of —180 cm-1, —2.4 is obtained, indi
cating a high sensitivity of results to the value of this pa
rameter.

We turn to calculation of the second term in eq 2, the 
“high-frequency terms”. The matrix elements required for 
X|| are between 11) and the other m = 1/2 states

I 2) =
7c + 2d I 5 1 \  ,

- 9 / 5  | j
E =  -  , m — 2 / 1 E ~ 1 ,

1
m = 2

2 d  -  c 
25 - 1 E. -3  

2
, m =’I)> (17a)

and

| 3) = c + d  I ^ 5 \  . 2d  -  c i
- 4 / 5 =  2 ’ m =1 2. 25 1

E  = 1 ,

m 1 E
-3  

2 ’
m — I) (17b)

A direct calculation gives

1 Hf ' 1 0 23c + I d±y hf _
2 X"

(a  + 2)2 (v27 81 )
This formula gives 4.195 for 7 -picoline; the directly calcu
lated value (via the secular equation) is 4.213. For the high- 
frequency part of x _l , we need matrix elements between 11 ) 
and the functions |2) and |3> (for m = —1/2) as well as the 
functions for m = 3/2. After lengthy algebra, we find

(a' +
7d -  37c \  

162 /

which gives 4.436 for A-picoline, to be compared with 4.480 
from complete solution of the secular equation. Putting a' 
= a (l + c), we find

-  Xihf =
(a + 2)2 

81
-9c -  2 1 rZ -  120 a + 2 ,

(18)
which gives -0.564 for this data, to be compared with the 
directly calculated value of -0.534. All the high-frequency 
terms are in units of mb2/1 «Aj. Like g\\2 — g L2, (18) repre
sents a small difference between large numbers.

The dipole strength is given by

D 3 (X" ^  (19)
_  (g ,,2 -  /l W  + X„M -  Xxhf Me!

m r  paA~| 3

since J  = 1/2 here, and we calculate xilhf and x x hl as di
mensionless quantities. If we use cgs units, for which the 
Bohr magneton fiB is -0.927 X 10-20 erg/Oe, and express 
|aA| in cm- 1  and T in degrees, eq 19 becomes

D = 1.44 x 10-25 ~gn2 ~ g j  
_(T/1.44)

+ cm3

(20)
For the moment, we have been considering the signs of 

the first and second terms of (20). We have argued that c 
and d are probably of opposite sign, and showed that g ||2 — 
g_l2 is roughly —53c — 13d, and xilhf — x i hf roughly -7 c  -

2.9d. With the values suggested earlier for K = Ds/Dt 
(1.42) and a \  (1.4 X 180 cm-1), we find d = —0.0047Di and 
c = 0.00067Dt with Dt expressed in cm-1. Then g ||2 — g 
~  0.029Z)f and x ihf — X ihf ~  0.0094Di, i.e., both anisotro
pies are of the same sign. This means that there is no posi
tive temperature T for which the dipole field factor D van
ishes. Thus, if the pseudocontact shifts for cis and trans 
methanol protons were plotted against reciprocal tempera
ture, they would not cross at any positive temperature. 
However, we have assumed population of only one Kra
mers’ doublet, which is valid only at low temperatures.

For A = —180 and a \  about —250 cm-1, the energy dif
ference between ground and first excited state is —(3/2)aA 
~  380 cm-1. The Boltzmann factor at 200°K would be 
0.066 and at 300° K it would be 0.16. Thus the importance 
of excited states is not negligible, since | A) is probably 
smaller than 180 cm“ 1 for the complexed ion (it is 150 cm- 1  
for tetrahedral Co2+ complexes) and g ||2 -  g±2 can be 
much larger than 1.5 for the excited states.

V. Effect of Temperature

The effects of thermal population are considered in this 
section, as we study the variation of D  with temperature. 
After working out several limiting cases, we show how the 
experimental results for the 7 -picoline complex are ex
plained by the crystal field calculation. In all the calcula
tions. we consider only the lowest 12  states, formed by cou
pling the two lowest-lying orbital levels, one of which is 
doubly degenerate, with the spin quartet. Thermal popula
tion of other levels is negligible, while their contribution to 
Xhl is only a few percent of the contribution of the lowest 12 
states, as discussed in section I.

Experimental results from which one can determine D  as 
a function of T  are available for several systems.4 We de
rive D from the shifts of the cis and trans methanol protons 
of the pentakis(methanol) complex by formulas given in 
our previous article.3’34 Over the temperature range stud
ied, the shifts, plotted against T~ 1, are fit to within experi
mental error by straight lines. In Table II we give the coef
ficients a  and b  in the formula,

D = n + bT-x (21)

as determined by least-squares fits of the cis and trans 
shifts. Since a and b have opposite signs, extrapolation of 
the straight line would lead to a value of T  for which D  
vanishes (see Table II).35

In fact, calculations (see below) show that such an ex
trapolation is not meaningful because the straight-line 
character of the D vs. T_1 plot is only apparent, due to the 
limited temperature range. This is shown already by simple 
calculations in the limiting cases corresponding to small 
spin-orbit coupling, which we perform first. Small values of 
the spin-orbit coupling constant A mean that d  becomes 
large compared to c, so this may also by referred to as the 
high d  limit. For the case treated25 by Abragam and Pryce, 
Co(NH4)-2(S0 .,)2-6H20  in the crystal, the values c = 0.3334 
and d = —5.373 are suggested, so that d /c  ~  —16 and the 
high d  limit should be applicable. Our interest in this limit 
at present is that it allows explicit formulas for the temper
ature dependence.

When |d| is large compared to c, we may ignore matrix 
elements in the secular equations which couple states for 
which the diagonal elements differ by d, since all these ma
trix elements are proportional to c. This means that the
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TABLE II: Experimentally Determined Dipole Strengths as a Function of Temperature (see 
Eq 21) for Co(CH3OH)5X2+ Complexes

L igand X Dt (est), cm ' 1 T em p ran g e , °C 10 28ft 5!
ooOt-H D a t 222°K C ro ss in g , °K

P y rid in e -6 0 -98  to -10 -7667 19.05 -1 5 .5  x 10 ' 28 402
y -P ic o lin e -57 -81 to  -40 -7014 19.30 -12 .3  x  10 ' 23 363
H20 -4 -85 to  -1 3640 -9 .24 7.2 x 10 ' 28 394

matrices are effectively diagonal. We must consider sepa
rately what happens for positive d and for negative d.

In the latter case, the eigenenergies, in order of increas
ing energy, are 3/2, 1/2, -1 /2 , -3 /2 , d, d (remember that 
energies are in units of the negative quantity a\), with cor
responding eigenstates |±1 T 3/2), |±1 T 1/2), |±1 ±  1/2), 
|± 1  ±  3/2), |0 ± 3/2), |0 ±  1/2). Since we consider d to be 
large, we can neglect the populations of the last two states. 
Their contribution to the high-frequency terms in the 
susceptibilities will also be ignored, because of the large en
ergy denominators. The value36 of g  ± (see eq 9) is zero for 
the other four states because Lx + 2Sx can couple only 
states differing by unity in either m or ms. Because the ma
trix of Lz + 2Sz over these states is diagonal, x[|hf is identi
cally zero for all four states.

If only the ground state is considered, g\\2 — g x 2 and x|jhf 
— x j_ht' have opposite signs, and a crossing (D = 0) occurs 
in plots of cis and trans pseudocontact shifts vs. 1 IT. The 
full expression for D involves calculating x II — X_l for each 
of the four states and weighting each with a Boltzmann fac
tor. This yields 
D =
(a + 3)2 + (a  + 1)2P  + {a -  1)2P2 + {a -  S)2̂  

3kT{l + P + P2 + P3) '
6 + 2P -  2 P 2 -  6P 3 

3aX(l + P  + P 2 + P 3) (22)
where P = exp(c<\/kT). D of eq 22 never becomes zero. 
Since the plot of D vs. 71- 1  goes through the origin but has 
an increasing slope with increasing T ~ \  extrapolation of 
any portion, after fitting to a straight line, will give an ap
parent crossing.

If d  is large and negative, there are two low-lying dou
blets, and the other four doublets, with energies lying 
above these by d, should be dropped from consideration. 
However, the two states have the same energy, namely, 
da\, in the limit. We thus must consider mixing of other 
states to split the degeneracy. According to perturbation 
theory, the state |0 ±  1 / 2 ) now has an energy in units of a \  
of d + 3/2(c + 1 )2/d + 2(c + l )2/d, and the state |0 ± 3/2) 
has an energy of d + 3/2(c + l ) 2/d. With the abbreviation u 
= 2(c + l)2«A/dfeT, we calculate

-1 2  + 36e“ -6  + 6eu
V ~ 12(1 + (f)kT  3(1 + e^ukT

which becomes (4 + u )/2kT for sufficiently small u. Appar
ently, a plot at high temperatures would not be of the fa
miliar form a + bT-1 , but rather aT~2 + bT~l. The T~2 
term arises from the near degeneracy.9 Now suppose c ~  0, 
a \  ~  250 cm-1, and d = 10; then u = —72/T  (degrees). For 
temperatures of 100, 150, 200, and 250°, the values of D are 
0.0127, 0.0101, 0.0082, and 0.0068, respectively, in units of 
fin2/k. Plotting these against T~l , one obtains reasonable 
“straight lines’’ which can be extrapolated to D = 0 at 
about 500°. In fact, the lines are not straight, and direct 
calculation shows that D never vanishes. Actually, the a +

Figure 1. Dipoie strength factor (D  in cm3 X  1028) for A-picollne a s a 
function of temperature (103/ P, T in degrees Kelvin). Curve 1 is cal
culated with Dq = 900 cm-1 , Dt =  — 57 cm -1 , Ds = — 81 cm-1 , B 
= 825 cm-1 . Curve 2 results when A Is changed from — 180 cm - 1  
(curve 1) to — 150 cm -1 . Curve 3 results on changing Dt to — 100 
cm -1 , maintaining the Ds/Dt ratio. Curve 4 is a straight-line fit to the 
experimental points, shown as X ’s.

b/T  dependence due to the contribution of a single state to 
D is probably masked by Boltzmann factors, and the cross
ings of cis and trans pseudocontact shifts as extrapolated 
from plots vs. T~l , have no real significance.

We have carried out extended calculations of D values, 
starting from assumed values for Ds and Dt, generating a, 
a ' ,  and A, and thence calculating g values and susceptibili
ties. It is possible to fit the measured values of D as well as 
their temperature dependence, using reasonable values of 
the parameters Ds, Dt, and A. This is not too surprising, 
perhaps, but it shows that one can discuss and explain ob
served Co2+ pseudocontact shifts in the framework of the 
crystal field model.

For example, we give the results of complete calculations 
for a single case, A-picoline, to show the nature of the tem
perature dependence and how it is fit by our calculations. 
The parameters used first are: a = 1.4355, a' = 1.3849, and 
d = 0.2554 (corresponding to A = —180 cm-1). In each case, 
population of three states is taken into account. A second 
set of calculations was made using the more reasonable 
value of —150 cm- 1  for A. Results of the two are shown in 
Figure 1. A high value of g ¡i2 — g ±2 for the first excited 
state (with m' = 3/2 and thus g± = 0) meant that, even 
with a small population, it gave an important contribution 
to the g factor term. The value of D is obtained in cm3 from 
the numerical value of our expression by multiplication by 
(l/3)j'oMB2/fe, where k is the Boltzmann constant, mb the
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Bohr magneton (0.927 X 10-20 erg/Oe), and r0 the NMR 
frequency (100 MHz in our case).

The experimental values (which are obtained from mea
sured frequencies using a geometrical factor which may be 
inaccurate due to errors in the assumed geometries) are 
also plotted (curve 4). Several observations may be made. 
First, both results give D values of the right sign and hav
ing the right temperature dependence. Over the tempera
ture range of the experimental data, the calculated points 
give a satisfactory straight line on a plot vs. reciprocal tem
perature. However it would be a grave error to assume that 
D was of the a + b/T form and extrapolate to the point for 
which d = 0. Thermal population of excited states is actu
ally extremely important.

Another calculation, in which Dt was changed from —57 
to —100 cm-1, but X = —150° and Ds/Dt = 1.4 were main
tained, gave much improved results (see Figure 1, curve 3). 
The magnitude of D and the slope of the D vs. T_1 plot are 
both significantly increased. The change of 43 cm- 1  in Dt 
corresponds to a change of 150 cm- 1  in the difference of Dq 
values for methanol and X-picoline. Since each Dq is about 
1000 cm-1, such a change is within the range of our igno
rance. Finally, we experimented with changing the Ds to Dt 
ratio. As our analysis of section II showed, the parameters 
d and c and hence our results depend strongly on this ratio 
and a change of a few tenths from the value of 1.4 can move 
our calculated points above the experimental ones. It is 
clear from these experiments that, with a reasonable choice 
of parameters, our model can fit observed data for D of 
X-picoline.

Similar numerical experiments have convinced us that 
fits are similarly obtainable for other systems. Given the 
inaccuracies of the model and the uncertainty in the value 
of the parameters, it does not seem valuable to present 
such results and attempt to choose “correct” values of Ds, 
Dt, and X. Only if one of these parameters were indepen
dently measured, would it become worthwhile to find the 
values of the other two required by the experimental re
sults.

Our theoretical work shows that the crystal field model 
can be used to reproduce and explain pseudocontact shifts 
and their temperature dependence for the Co- 
(CH30 H)sX2+ systems and, by implication, for other tetra
gonal high-spin Co(II) systems. However, our results warn 
against naive interpretations of the apparent linearity of 
shifts when plotted against T-1 , or extrapolation to a point 
for which D vanishes. A theory for these shifts must in
clude thermal population of low-lying states, and straight 
lines on plots of shifts vs. 7' 1 are not be be expected.

The correlation of shifts with crystal field parameters, 
and particularly with the sign of Dt, is dangerous as well. 
Such correlations require that Ds/Dt be neither too large 
nor negative. For all cases of interest to us, simple expres
sions are now available giving the anisotropy of the low- 
lying states, as expressed by c and d. in terms of the crystal 
field parameters. Calculation of D in terms of c, d, X, and 
the temperature requires more involved calculations.

Supplementary Material Available. The matrices of the 
effective hamiltonian, Lz + 2Sz, and Lx + 2Sx, transformed 
to the basis of Table I 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, 24X reduction, negatives) 
containing all of the supplementary material for the papers

in this issue may be obtained from the Journals Depart
ment, American Chemical Society, 1155 16th St., N.W., 
Washington, D.C. 20036. Remit check or money order for 
$4.00 for photocopy or $2.50 for microfiche, referring to 
code number JPC-75-1206.
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Straight-chain phosphates exhibiting up to 10 phosphorus atoms per chain have been prepared in pure 
form by column chromatography of a suitable sodium phosphate glass. The 31P NMR spectra of the result
ing sodium polyphosphates, Nail+2Pi!Oi(n+i for n < 9, have been obtained and the spectra for n < 8 have 
been fully analyzed for their respective shielding parameters and coupling constants. The trends in these 
values are discussed with emphasis on the curious variation with chain length of the middle-group chemical 
shifts.

Introduction
The existence of a series of polyphosphates was postula

ted3 over a century ago, and the smallest and next larger 
molecule (the orthophosphate and the pyro- or, alterna
tively, diphosphate) in this series have been known in crys
talline form since alchemical times. The presence of the 
next two larger species (the tri- and tetrapolyphosphates) 
has been demonstrated4-5 in phase-diagram studies only 
within the last 35 years and the longer-chain phosphates in 
pure form are still laboratory curiosities. Although natural
ly occurring mixtures of the longer straight-chain phos
phates have been a subject of considerable interest6-7 for 25 
years, there has only been one report8 of the isolation of the 
individual members of this series of molecule ions up 
through the ten-unit chain. The procedure used in that iso
lation8 was a difficult and laborious one involving fraction
al crystallization of the acridinium salts.

In the more recent work on mixtures of polyphosphate 
molecule ions, :UP nuclear magnetic resonance (NMR) has 
proved to be an especially powerful analytical tool.9 How
ever, the fact that chain phosphates having more than 
three phosphorus atoms per molecule exhibit second-order 
spectra of considerable complexity has been a great hin
drance to the full utilization of this technique in the study 
of phosphates. Unfortunately, the structure of the spectra 
are so involved that any systematic spectral analysis usual
ly has been precluded in mixtures which include the longer 
straight-chain phosphates. Therefore, it seemed desirable 
to develop an improved method for isolating the longer- 
chain polyphosphates and to obtain their NMR spectra 
under optimum conditions. This is the substance of this re
port.

Experimental Section
Polyphosphate Separations. A separation was effected 

on a sodium phosphate glass10 exhibiting a number-average 
chain length, n, of 5.5 as determined by end-group titra
tion,11 as well as by trie zinc-oxide gravimetric determina
tion of water12 coupled with the NavO/POs ratio of the re
agent mixture from which the glass was made. In order to 
obtain samples containing as much as 0.2 g of the individu
al polyphosphate, it was necessary to carry out a two-stage

* Address correspondence to this author at the Department of 
Chemistry, Vanderbilt University, Nashville, Tenn. 37235.

fractionation. In the first stage a concentrated solution of 
the glass was applied to the top of a column (80 cm length, 
5.0 cm diameter) packed with diethylaminoethyl cellulose 
in the bicarbonate form.13 The phosphates were eluted 
using an 18-1. linear-gradient (0.2 to 1.0 M) triethylammon- 
ium bicarbonate solution to give 100-ml cuts which were 
analyzed for total phosphorus.14 Upon pooling the appro
priate fractions and concentrating in a rotary evaporator at 
25°, the bicarbonate-purged triethylammonium phos
phates were precipitated from methanol solution by sodi
um iodide in acetone.13

These samples obtained from the crude cuts, were further 
separated by an analogous procedure, using a similarly 
packed column (240 cm length, 2.5 cm diameter) again with 
18 1. of the same eluent. In the initial run with this long, 
narrow column, 10 -ml cuts were employed with an elution 
rate of 1.0 ml/min. During the elution procedures, it is im
portant always to keep the receiver vials covered, since we 
have observed that small particles of dust may catalyze the 
hydrolysis of an individual fraction. Since, under the best 
conditions, aqueous solutions of phosphates undergo ap
preciably rapid hydrolysis, the dry sodium salts should be 
prepared as expeditiously as possible. Each preparation 
from this procedure yielded NMR spectra showing no un
accountable resonances in the 31P spectrum and also exhib
ited a clean solitary spot upon thin-layer chromatographic 
analysis.15'16 The tetra-n-butylammonium salts were pre
pared by immediately titrating the solution of the free po- 
lvphosphoric acid (obtained by passing the Na salt through 
a Dowex 50 H+ column) with tetra-n-butylammonium hy
droxide to the desired pH.

NMR Studies. The 31P NMR spectra1 '-18 were obtained 
on a Bruker HFX-5 spectrometer operating at 36.4 MHz 
for 31P and 90.0 MHz for the XH lock. The samples were 
studied at 25° in freshly prepared aqueous solutions con
taining 0.1 M of total phosphorus, using 5- or 13-mm spin
ning sample tubes. The pH was held at 10.2 and the solu
tion was 0.2 M in ethvlenediaminetetraacetic acid (EDTA), 
which was added in order to sequester any trace of multiply 
charged metal ions since these ions form complexes with 
the polyphosphates and thereby may cause rather large 
changes in their 31P NMR parameters. In each run, the 
scanning speed and observing rf power were carefully ad
justed under the signal-averaging conditions employed to 
ensure that signal saturation was not taking place. All ref-
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erencing was, of course, carried out with respect to the pro
ton lock signal, but the chemical shifts are formally re
ported with respect to 85% orthophosphoric acid (external
ly situated), with positive shifts being upfield.18

The spectra were analyzed using a computer package de
veloped by Swalen19 consisting of three separate programs 
(NMRIT, NMREN2, and NMRPLTi. In this study, it was 
possible ho fit the experimental spectra of the tetra-, 
penta-, and hexapolyphosphates, using an iterative analyti
cal approach (involving NMREN2 and NMRIT), since the 
number of observed transition^ were not excessively large 
and were fairly well resolved So that their positions could 
be assigned with reasonable certainty. Due to the excessive 
number of transitions involved, the spectra of the hepta- 
and octapolyphosphates had to be analyzed by cut-and-try 
methods (using NMRIT and NMRPLT) to obtain a set of 
NMR parameters which were concordant with those ob
tained for the shorter-chain phosphates. In order to get a 
good fit between the calculated and experimental data, 35 
separate sets of calculations were needed for the heptapoly- 
phosphate and 13 for the octapolyphosphate molecule ion.

R esu lts and Interpretations

By running a small sample of the original sodium phos
phate glass (n = 5.5) through the 240-cm column employed 
for the final fractionation of the NMR samples, the elution 
curve shown in Figure 1 was obtained. Note that this curve 
approximates the linear elution pattern which should be 
expected for a regular series of related compounds. The 
smallest members of the family (the pyro- and tripolyphos
phates) deviate from a straight-line curve, as might be an
ticipated. A similar type of dependence has been ob
served13 for the series of cyclic metaphosphates eluted from 
the same substrate. Evidence that the individual chain 
lengths noted on the vertical axis of Figure 1 are indeed 
correct comes from several sources. First, :he correspond
ing polyphosphates from the crystallization of the acridin- 
ium salts were shown to fall in the same positions in thin- 
layer cochromatographic analysis. Secondly, samples of tri- 
and tetrapolyphosphate run through the 240-cm column 
elute at the right place, and their NMR patterns corre
sponded to those given in the literature. Thirdly, the NMR 
spectra of the eluted samples exhibited the expected ratio 
of total end, e, to total middle, m, phosphate groups,20 with 
no detectable orthophosphate, n, or branch, b, groups (i.e., 
n < 0.2% and b < 1.0% of total P) and no resonances as
signable to known cyclic metaphosphates.13 Furthermore, 
the applicability of the mathematical analysis19 of the 
NMR spectra discussed in this paper is also support for the 
singularity of each sample.

The spectra of the penta- and hexapolyphosphates, 
shown in Figure 2, exemplify the quality of fits obtained 
between the experimental (NMR) and theoretical (com
puter-simulated) 31P spectra from each member of the se
ries of polyphosphate compounds of this study. The penta- 
polyphosphate spectrum has the most complicated appear
ance of any of those obtained from trie family of condensed 
phosphates; however, the number of transitions is not ex
cessively high because of the limited number of interacting 
nuclei, and the spectrum can be computed with a high de
gree of certainty. For the chain phosphates, the number of 
resolvable transitions decreases as the molecular size in
creases from that of pentapolyphosphate because of the 
crowding of individual transitions, so that the spectrum ap
pears more simple. The theoretical complexity, however,

Figure 1. The elution pattern of the chain polyphosphates from the 
240-cm column of diethylaminoethyl cellulose, using an 18-1. linear 
salt gradient of triethylammon um bicarbonate.

ENDS I

Pentapolyphosphate

iV.Ui '

Hexaoolyphosphote

h----------------- 5 0  H z ------------------►!

Figure 2. Experimental and simulated (inverted) 3,P NMR spectra of 
sodium penta- and hexapolyphosphate, each at pH 10.2. The signal 
width at half-height in the calculated spectra was 1.2 Hz.

must increase with increasing molecular size. Thus, for 
phosphates larger than the pentapolyphosphate, the errors 
inherent in the calculated values of the chemical shifts and 
coupling constants increase with the size of the phosphate 
so that calculations on the nona- and higher polyphos
phates, should they be performed, would be of limited ac
curacy.

Fortunately, as the molecular size increases, the 31P 
spectrum simplifies. The nona- and decapolyphosphates 
essentially exhibit a “simple” doublet in the end-group 
spectral region and a single broad envelop in the middle- 
group region. For chain lengths greater than ca. 150 phos
phorus atoms, the end group (when detectable) is a sharp 
doublet while the middle-group envelope appears as a 
sharp singlet. For a carefully prepared solution of Kurrol’s
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Figure 4. Chemical shifts of the end groups of the sodium and tetra- 
n-butylammonium polyphosphates at pH 10.2 (i.e., no associated 
protons, except for pyrophosphate). The numbers in parentheses 
give the precise values of the chemical shifts in ppm and °° symboli
zes a polyphosphate glass of n = 100.8.

2 0 .0  2 0 .4  2 0 .6  20.8
C hem ica l S h if t  (ppm )

Figure 5. Chemical shifts of the middle groups of the sodium poly
phosphates at pH 10.2. The numbers in parentheses give the pre
cise values of the chemical shifts in ppm and °° symbolizes a poly
phosphate glass of n =  100.8. Only the shifts of the second and 
third phosphorus atoms from the ends of the chains are plotted (em 
and emm, respectively).

tion at pH 10.2 in the presence of only sodium as the cat
ion. Miscellaneous experiments with highly purified ortho-, 
pyro-, and trimetaphosphates have led us to believe that 
the presence of the EDTA in the solutions studied here has 
essentially no effect on the phosphate 31P NMR parame
ters other than that of rendering a high degree of precision 
to the measurements; the reported chemical shifts are not 
moved by more than 0.1 - 0.2 Hz. The dramatic effect of 
changing the counterion while holding the pH constant is 
shown in Figure 4 in which the findings for the end groups 
of the sodium salts of the di- through the octapolyphos- 
phate may be compared with those for the respective tetra- 
n-butylammonium salts. Analogous data have been pre
sented for the cyclic metaphosphates.13 Note in Figure 4 
that the difference in chemical shift upon changing the cat
ion becomes greater with increasing chain length and final
ly achieves constancy for the larger chain lengths.

12 1 7

Figure 6. Variation of the coupling constants J 12  and J2,3 with 
phosphate chain length, where phosphorus atom 1 is in an end 
group.

The change in the middle-group chemical shifts with in
creasing chain length is shown for the sodium polyphos
phates in Figure 5. From comparison of the lower-field 
curve of Figure 4 with the curves of Figure 5, it can be seen 
that, for sodium as the cation, the chemical shift of the end 
groups changes more rapidly and in the opposite sense 
(downfield vs. upfield) with increasing chain length as com
pared to the chemical shifts of the middle groups. Also the 
middle-group variations are not smoothly regular as are 
those of the end groups. Other studies in these laboratories 
have shown that, for the tetra-n-butylammonium cation, 
there is very little change in the chemical shifts of the mid
dle group with increasing polyphosphate chain length (such 
as that observed for the sodium cation) and that the mid- 
die-group and end-group chemical shifts change in the 
same direction (upfield) with increasing chain length. 
Moreover, the chemical-shift differences between the em 
(the middle groups immediately adjacent to the chain end 
groups) and the interior chain middles observed for the 
quaternary ammonium polyphosphates are much less 
(about 10 Hz) than those observed for the sodium poly
phosphates. This results in pronounced crowding of the in
dividual transitions, rendering impractical a rigorous com
puter-simulation analysis of all but the shorter members of 
the family.

Discussion
As shown in Figures 4 and 6, there is a smooth variation 

with increasing polyphosphate chain length of the end- 
group 31P chemical shift as well as a smooth variation of 
the P-O -P coupling constants between the end and its 
neighboring middle group (J12 ) and between this middle 
group and its neighboring middle group (J2,3). However, in 
Figure 5, the middle-group chemical shifts vary irregularly 
with increasing chain length, with the most pronounced de
viation from a smooth change occurring in the case of the 
hexapolyphosphate ion. Note in Figure 5 that the chemical 
shifts of the middle-group phosphorus atoms immediately 
adjacent to the end groups are upfield for the chains having 
an odd number of phosphorus atoms, as compared to the 
shifts of the neighboring even-numbered chains. Since 
none of this irregular behavior is found when the sodium 
counterions are replaced by noncomplexing tetraalkylam- 
monium cations, it appears that these observations are re
lated to the overall conformational ordering of the inher
ently flexible polyphosphate chains in relationship to the 
sodium ions with which they are complexed and/or associ
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ated. We are quite certain that the irregularity of the plots 
given in Figure 5 is a physically real phenomenon since 
these sets of points have been checked by using entirely 
different phosphate preparations and carrying through the 
full experimental and theoretical analysis. Furthermore, 
attempts at using points from various smooth curves drawn 
through the data from Figure 5 have consistently led to cal
culated spectra which simply did not fit the experimental 
observations. Extension of this study to pH 7 (where all 
end groups are partially protonated) led to the same situa
tion in which the middle-group chemical shifts gave rise to 
virtually the same irregularities while the other NMR pa
rameters again exhibited smooth variations with increasing 
chain length.

When the NMR spectrometer is well adjusted, the line 
width at half-height at pH 10.2 for the pyrophosphate ion 
is about 4 Hz; for the tripolyphosphate, about 1 Hz; and for 
the tetra- through the decapolyphosphate, about 0.5 Hz. As 
previously noted, phosphate chains exhibiting more than 
ca. 150 phosphorus atoms exhibits a line width approaching 
that of cyclic trimetaphosphate, a value which is essentially 
at the resolution limit of our spectrometer (ca. 0.2 Hz) at 
the time of these measurements. We conclude from these 
findings that the middle groups making up the long-chain 
phosphates are all in the same chemical environment so 
that in aqueous solution the macromolecular polyphos
phate chains exhibit a regular configuration. In a previous 
publication, we have postulated that, for sodium as the 
countercation in aqueous solution, this configuration is a 
helix having three phosphorus atoms per turn.13
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Small differences between diffusion coefficients are determined by separative diffusion in the transient 
state. The method compares experimental results for cylindrical diffusion with computer results. As an ex
ample the isotope effect in the diffusion of uranyl nitrate in agar gel was investigated.

Introduction

It is impossible to determine the difference in the diffu
sion coefficients of two species A and B, AD = DA -  DB by 
direct methods when the error in the experimental deter
mination of Da or £>3 is >AD. As the experimental accura
cy is ~ 1 %, this will always be the case when AD/Da.b < 1 %.

Separative diffusion of A and B through a barrier can then 
be used. For steady-state diffusion the separation factor is 
defined as the quotient of the concentration ratios cb/ca 
and c b '/ c a '  in front of and behind the barrier

S =  Ct - 'i Ct  (la)CA /  CA
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Figure 2. Integrated fluxes increasing with time. The dimension of Q 
depends on the kind of c (moles/cm3 or g/cm3) chosen in eq 2.

Figure 1. Concentration field in the cylinder. Parameters indicate 
Df/R22; St, steady-state curve for R2/Ri = 9.4; St', steady-state 
curve for R2/Ri =  20. The c  values indicate fractions of the reser
voir concentration (eq 2).

At steady state1

s  =  DB/D A (lb)

This equation can be used for the determination of AD but 
for isotopes the separation effect at steady state may still 
be so small as to be within the error limits of the mass spec- 
trometric results.

The transient state, however, offers a substantially high
er separation effect which can be used for accurate deter
mination of AD. Equation lb  does not hold in the transient 
state and the concentration ratio at the output side, c&/c\ 
in (la), becomes time dependent. The experimental deter
mination of cb'/ca as a function of time would be very dif
ficult. The concentrations due to the differential fluxes 
were thus replaced by the integrated fluxes QiA B which 
will be defined later.

The separation factor for the transient state is

Figure 3. Separation factors curing the transient state. Calculations 
were made for R2/R, =  9.4. In the experiment R2/R-[ = 20. Influ
ence on result is negligible in our case.

S* QlB
QlA /

(lc) and the initial condition (3), the solution of the cylindrical 
diffusion equation for constant D

This paper compares experimental results for transient cy
lindrical diffusion with calculated results. + - — ) r  9 r ) (5)

T he C ylindrical D iffu sion  Problem
We consider a solid cylinder with outer mantle radius R2 

and length L. The end sections are impermeable. A coaxial 
channel has the radius R\. The concentrations at the man
tle are kept constant

cA =  cB =  0 .1  (2)

at R-2 at any time t. At the beginning of the diffusion the 
concentration inside the cylinder is zero

cA = cB = 0 (3)

at t = 0 for any r when Ri < r < R2. The material arriving 
at Ri is removed by a stream of pure solvent. Thus

cA = cB = 0 (4)

at R i for any t. With the boundary conditions (2) and (4)

was computed with a finite-difference method. This was 
done for a standard A and three test substances B, B', and 
B" with Da = 0.1 X 10~5 cm2/sec, DB = 0.1002 X 10~5 
cm2/sec, D b =  0.1005 X 10-5 cm2/sec, and D b - =  0.101 X 
10~5 cm2/sec. Mutual interference is assumed to be absent 
during simultaneous diffusion. In the experimental proce
dure the separation of the substances which were extracted 
from the central channel up to a given time t was deter
mined. Corresponding computations were made for the in
tegrated fluxes QiA B at r = R i for unit length, L = 1 cm.

=  2tt/?1J \ b g  dt (6)

Computer Results
An IBM 360/65 computer was used. The concentration 

field cA(r) inside the cylinder for a ratio R2/R\ -  9.4 is
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given in Figure 1. Generalization is obtained by the param
eters Dt/R22 which can be considered as dimensionless 
times. The data were obtained from computations for two 
sets of # 1 ,2-' # i  = 0.25 cm, R2 = 2.35 cm; and R\ = 
0.106383 cm, R2 = 1.000 cm. This was done to verify the 
method and satisfactory agreement was obtained. The 
curve St is the steady-state curve and the broken line St' 
gives the steady state for R2/Ri = 20.

The integrated fluxes QiA(output) and Q2A(input) as a 
function of D \t/R 22 are shown in Figure 2 for R i = 
0.106383; #2  = 1 cm. This curve could be used for experi
mental determination of D but does not yield an acceptable 
precision. Figure 3 presents the separation factors S* = 
QiB/QiA (eq lc  and 2) for the different test species B, B', 
and B". These curves are used for comparison with experi
mental results and for the determination of AD. This pro
cedure requires a knowledge of the absolute value of D with 
the usual experimental accuracy. It can be seen from the 
curves that AD can be determined to about 0.1% under 
these conditions, except in the very early stages. Due to nu
merical instability, the S values become unreliable for 
short times, smaller than Dt/R22 = 0.02.

Special computations showed that a slight violation of 
the boundary condition (2) does not affect S. A limited res
ervoir is therefore acceptable in the experiments.

E xperim ental Section

Cylindrical diffusion cannot be applied to the liquid 
phase if convection is not totally suppressed. This was 
achieved by working in the gel phase. It is known that gel 
diffusion is still representative for liquid diffusion. Solid 
agar gel cylinders were cast in situ within the diffusion ap
paratus as sketched in Figure 4. The gel cylinder (2R2 =
12.5 cm, L = 22 cm) was supported by a frame of stainless 
steel bars and short pipe sections on which sleeves of stain
less steel gauze were mounted. A removable glass cylinder 
around the mantle sleeve was sealed at the bottom of the 
reservoir by a 1 cm layer of agar gel. A stainless steel rod 
was introduced through the central sleeve into the central 
outlet and acted, together with the removable glass cylin
der, as a mold.

Agar (3%) was dissolved in stages in boiling water with 
constant stirring until a clear solution was obtained. Cast
ing was done when the temperature of the solution had 
dropped to 50° and the reservoir was filled with cold water 
to prevent melting of the lower sealing layer of agar gel. On 
the following day this gel layer, the glass cylinder, and the 
stainless steel rod were removed. A small glass funnel was 
fixed on top of the central channel where pure rinsing 
water was introduced dropwise by a peristaltic micropump.

Diffusion was started by filling the reservoir with 532 ml 
of concentrated solution of uranyl nitrate (d = 1.233). As a 
check on possible leakage the rinsing water was tested 4.5 
hr after the start in a Geiger-Müller counter and back
ground activity was found. All rinsing water was collected 
over a diffusion time of 100.5 hr. After evaporation the resi
due was recovered and 18 mg of U0 2 (N03)2 was found. 
This sample and the undiffused solution were analyzed 
with a mass spectrometer to give QiB/Q iA and cb/ca and 
thence the separation factor S*.

Evaluation of AD from Figure 3 also requires the deter
mination of D as mentioned above. A determination of D 
from Figure 2 would require the precise quantitative detec
tion of a small amount of substance QiA from a very dilute 
solution. Furthermore, the absolute value of QiA is far 
more sensitive to changes in the reservoir concentration 
and the channel radius R i than the ratio QiB/Q iA. D was 
therefore determined by the method of Freise2 which is es
sentially a limited reservoir method.

R esu lts

As found previously3 the heavier isotope was slightly en
riched after diffusion in the output at Ry Mass spectro
métrie analysis of the diffused sample and of the undif
fused solution (blank) gave the following results (U235/  
U238): blank, 0.007285 ± 0.000018; diffused sample, 
0.007208 ± 0.000022.

The result for the diffusion coefficient of uranyl nitrate 
in 2% agar gel at 20° was D = 0.716 ± 0.176 X 10-5  cm2/sec 
(six measurements). With t = 361,800 sec and R2 = 6.25 cm 
we get Dt/R22 = 0.0663. At this abscissa S = 0.007285/ 
0.007208 = 1.0107 is entered in Figure 3. Interpolation 
gives AD/Da = 0.0025 ± 0.0005. The standard deviation re
flects the large experimental scatter of D while the mass 
spectrometric scatter of S is ignored. This shows that the
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method does not require a high accuracy of D. However, a 
higher sensitivity exists in regard to the experimental scat
ter of S  and a consideration of the possible extreme values 
of S yields an error bound which is in our case increased by 
a factor of 3. As an error estimate, however, this would be 
very pessimistic. The magnitude of AD is supported by 
other experimental results which are not presented here 
because of minor variations in the experimental technique.
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The complex permittivity of 0.05 M LiC104 in tetrahydrofuran (THF) at 25° in the frequency range 0.3-8.5 
GHz has been measured. An admittance bridge was used in the frequency range 0.3-1.5 GHz and a power 
reflection method in the range 2-8.5 GHz. The real and imaginary parts of the permittivity follow a Cole- 
Davidson distribution of relaxation times with an average relaxation frequency / r = 1.5 GHz and a distri
bution parameter /3 = 0.8. Including data reported in the literature the relaxation amplitude e0 — t» of the 
solute is found to be a linear function of the concentration of ion pairs. The Cole-Davidson distribution pa
rameter, (3, is calculated by a modified Glarum theory which postulates that the diffusion-controlled colli
sion between ion-pair dipoles couples with the diffusional rotational.7?taxation. The calculated value of (3 
approximates the experimental distribution parameters including those for" LiC104-THF-benzene 
mixtures.

Introduction
Electrolyte solutions have been investigated using dielec

tric spectrometry by several workers, notably by Hasted1 in 
water and by Davis2 in media of very low dielectric con
stants. The interpretation of the former systems was given 
in terms of the solvation of the ions and the subtraction of 
free rotating solvent molecules by the solvation in the coor
dination sphere of the ions. The work of Davis2 showed in 
many instances an onset of a distribution of relaxation 
times. The interpretation was limited to the qualitative as
signment of these complexities to the various dipolar 
species existing in solution as a result of ionic aggregations.

However, for 2:2 electrolytes in water, Pottel3 succeeded 
in relating the dielectric spectrum tc the relaxation of the 
diffusional rotation of different solvated ion pairs in addi
tion to the water relaxation. This was based on the Eigen 
and Tamm theory4 and the measurements5 of ultrasonic 
spectra for the metal (II) sulfates in water with the hypoth
esis of the multistep solvent substitution mechanism by the 
ligand. The association constants of 2:2 electrolytes had 
been determined6 by classical electrical conductance mea
surements. To apply the same sequence to other systems, 
the electrical conductance and the ultrasonic relaxation 
times were measured7 for the system LiC104 in THF be
tween —30 and 25°. Both, ion pairs and triple ions, existed 
in the concentration range of 10_o to 10_1 M, and the for

mation constants for the two species were determined. Ul
trasonic data were interpreted as the equilibrium between 
ion pairs and triple ions. The rate constants and the activa
tion energy indicated that the process was diffusion con
trolled.

The uhf and microwave data reported in this work are 
used to develop a microscopic interpretation of the dielec
tric spectra. The current data for 0.05 M  LiC104 solutions 
adds to the available data for 0.25-0.6 M solutions at 30°.8 
It was important to have data for the same system in a 
broad concentration range, both to check on the reliability 
of the results and for the interpretation.

E xperim ental Section
Preparation of Materials. Every precaution was taken to 

ensure the purity of the chemicals and to eliminate traces 
of water. The tetrahydrofuran (THF, Matheson Coleman) 
was distilled in a dry nitrogen atmosphere over a K-Na 
(60% K) alloy in a 3-ft Vigreaux column. Anhydrous re
agent LiC104 (Smith, Cleveland, Ohio) was kept for 24 hr 
at 60° and 1 Torr. No appreciable loss of weight was no
ticed with respect to the starting material. Some of the 
samples of salt were kept at 190° and at atmospheric pres
sure for 1-2 days with no change. Solutions were prepared 
by dissolving a dried weighed sample of LiC104 in freshly 
distilled THF in volumetric flasks. These operations were
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performed in a dry N2 filled drybox. Contact with the at
mosphere was never longer than 30-60 sec when filling the 
dielectric cell. To check the reproducibility of the data, the 
dielectric measurements were repeated for two-three dif
ferent, freshly prepared solutions over a period of 1 year.

Uhf Measurements. The complex permittivities of THF 
and of the solutions of LiC104 were measured in the fre
quency range of 0.3-1.5 GHz using a General Radio uhf ad
mittance bridge, Model 1602B. The details for making this 
measurement are given by Mopsick9 and Glarum.10

The Dielectric Cell. A GR874 (D20L) tuning stub was 
modified by a set of flanges which were used as mounts for 
a Teflon window. A water jacket also was added to main
tain constant cell temperature. The completed dielectric 
cell and the admittance bridge were mounted on a rigid ref
erence frame and on a sliding platform, respectively.

Procedure. The distance between the bridge and the 
window of the empty dielectric cell was adjusted so that the 
equivalent electrical position of the dielectric window was 
at the bridge center. After filling the cell, the cell length 
was varied and the cell lengths for conductance minima 
were noted. These values were reproducible to ±0.003 in. 
and ± 0.2 mmhos the latest as read on the conductance 
scale of the bridge.

The number of minima that can be determined accurate
ly decreases with increasing loss tangents of the liquid di
electric.9

Calculation of the Complex Dielectric Constant. The 
normalized admittance of the dielectric filled cell for these 
conditions is

G _  A0 ( h sinh a -  a sin ft) 
G0 47rZ I cosh a -  cos h f

y« = t ¡  =
where Go, the characteristic transmission line conductance, 
is equal to 20 mmhos; G is the conductance as measured on 
the bridge; a = 2al; b = 2fU; l is the length of the dielectric 
cell; An = free space wavelength; A = wavelength in dielec
tric medium; and y = a + ji3, the complex propagation con
stant of the dielectric: filled line.

The values of G„ are the bridge readings at the bridge 
balances (absolute minima), l = (nA/4) where n = 1, 3, 5

The least-squares plot of l vs. n gives as a slope dl/dn = 
A /4 .

The function, Cn [a,b), has been tabulated by Mopsik9 
for n = 1, 3, and 5. A computer program has been set up for 
larger values of n up to n = 1 1  giving the values of a2 — b2 
and 2ab.

The real and imaginary parts of the complex dielectric 
constant t = t' ± jt'' may then be calculated from the fol
lowing equations:

e' ( m -(d ì -(m -
m f - m€ = a \

77

These calculations may be simplified as follows: for low loss 
dielectrics Cn(a,b) «= mra/2. For the conditions a «  b and 
a «  @ then t' »  (A0/A)2 and e" ~ f '1/2(4y/n7r).

Microwave Frequency Measurements. At microwave 
frequencies (2-4 and 8-10 GHz) the power reflected from

the dielectric cell was measured as a function of cell length. 
The analysis was similar to the one described by Cutnell.11

Equipment. A modified reflectometer set up was used to 
make the measurements in both frequency ranges. The liq
uid dielectric cells were similar to the ones used for the uhf 
measurements.

Procedure. The reflected power from the dielectric cell 
was measured continuously as the cell length was varied 
until a final length was reached when the power no longer 
varied (Figure 1). The maximum useable cell length is de
pendent on the loss tangent. For high loss tangents the 
total microwave power is almost completely absorbed in a 
short dielectric cell and the measured reflected power 
comes from the dielectric-window-air interfaces.

Data Reduction to Calculate t' and t". The reflected 
power periodically goes through maxima and minima and 
the periodicity of each of these is equal to A/2. Cutnell11 
has shown that the maximum points (n odd)

1 -  r^r
and for the minimum points (n even)

e -(a/B)ltn-R) _  r « >  ±  T

1  t  r „ r

where a is the attenuation constant, /3 is the phase constant 
= 2tt/A, R is the phase change of the reflected wave = w for 
an ideal short circuit, F is the voltage reflection coefficient, 
and is the voltage reflection coefficient for a dielectric 
cell which is electrically infinitely long. The plus sign is 
chosen when r„ < g-ta/fiHnr-R) for n even

A convenient reference power level is the reflected power 
when the electrical length of the dielectric cell is infinite
(r„).

A semilog plot of ( T  — F „ ) / ( l  — r „ r )  vs. n for n odd or 
( F „  ±  r ) /( l  =F r . D  vs. n  for n  even will have a slope of 
—onr/ft = —a\/2  and an intercept of (a/fS)R. (See Figure 2 .)

Small deviations of the value of the intercept are the re
sult of a nonideal window and window support, and a noni
deal sliding short circuit.11

The same equations for calculating the complex permit
tivity from a, f}, and Ao in the uhf case also apply in the mi
crowave frequency range.

Calculations and Results
The overall measurement procedure was checked by 

measuring the complex permittivity of the solvent (THF) 
at 25°. In the frequency range of 0.3-3 GHz the measured 
value of t' = 7.40 ± 0.02 is within experimental error of the 
value at radio frequencies, t' = 7.39,12 and the recent value 
by Lestrade, t = 7.36 ± 0.03,13 in the same frequency 
range. The imaginary part of the permitivity, t", agreed 
within ±0.02 units with published values at 30s and 25° 13 
in the complete frequency range of 0.3-8.5 GHz.

The measured values of the permittivity of THF and of 
0.05 M LÍCIO4 in THF at 25° are presented in Table I.

The reduced Cole-Cole plot of ír" vs. ír' is shown in Fig
ure 3a where cr" = «d"/(«o -  f=) and cr' = fla' -  «»)/(«» -  
to)- <0 and f„ are the low- and high-frequency values of the 
permittivity with respect to the solute relaxation.

The quantities tT and refer to a relaxation process 
not observable in the pure solvent. They are related to t' 
and f" by the following equations:14

e d ' M  =  e ' M  ±  [ e s '  -  e s ' M ]
e d ' ' ( w )  =  e " ( u > )  -  -  e s " ( u > )
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Figure 1. Power profiles of the reflected wave of (a) U C I0 4 0.05 M  in THF at 25° and f = 4.0 GHz and (b) UCIO4 0.25 M  in THF at 30° and f = 
2.83 GHz.

Figure 2. Sample of the functions — In [(F — r„l/(1 — FooT)] vs. 
odd n’s and of — In [(r„ T  r > / ( 1  T  TF®)] vs. even r is. L IC I04 0.05 
/Win THF; t =  25°, f=  4.0 GHz.

The correction factor </ — e/io;), due to the solvent re
laxation at the angular frequency (to =  2 - i r f ) ,  is significant 
only for /  = 4 and 8.5 GHz for the reported system. The 
corrections are 0.04 and 0.31 units at 4 and 8.5 GHz, re

spectively. ex" is the dc conductance contribution to t" and 
tx" = 1.8 X 1012 x/f where x is the specific conductivity of 
0.05 M LiC104 in THf at 25°.

The approximation of es ~  e„ for the solute relaxation is 
within experimental error for the 0.05 M solutions studied 
in this work. (The measurements,8 made at higher concen
trations, gave specifically for c = 0.6 M, (es — t„) = 7.24 — 
6.0 = 1.24, for c = 0.25 M, (ts -  e„) = 7.24 -  7.09 = 0.15. 
From these data one can estimate that for c = 0.05 M, (ts — 
6») = 0.03 — 0.05. These latter values are on the order of 
the experimental errors in the measurement of f'.)

The solid line in Figure 3a is the Cole-Davidson function 
for an asymmetric distribution of relaxation times referred 
to the solute relaxation. The fit has been obtained with to = 
8.35, d = 0.8, and = ts = 7.4. The dotted line is the 
Debye semicircle corresponding to a single relaxation func
tion.

The approximations that were used to evaluate the 
above results have been discussed in the literature. The use 
of the specific conductance x evaluated at audiofrequen
cies7 in the microwave frequency range implies1 ’8 that the 
Falkenhagen effect of the frequency dependence of conduc
tion was disregarded.

Similarly, the use of the correction terms [e/ — fs'(w)] 
and tB" implies that the relaxation of the solvent is not af-
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TABLE I: Complex Permittivity of THF and LiC104 
0.05 M in THF at 25.0°

F r e -  TH F L iC 104 in T H F, C =  0.05 M
quency , ---------------------

GHz e ' e "  e ' e "

0.30 7.42 0.043 8.32 ± 0.02 0.32 ± 0.02
0.50 7.42 0.063 8.31 ± 0.03 0.33 ± 0.01
0.60 7.42 0.074 8.29 ± 0.04 0.37 ± 0.02
0.90 7.38 0.091 8.18 ± 0.01 0.44 ± 0.02
1 .20 7.38 0 .1 10 8.09 ± 0.03 0.50 ± 0.01
1.50 7.38 0.13 7.96 ± 0.05 0.59 ± 0.02
2 .00° 7.91 ± 0.03 0.61 ± 0.06
3.00 7.39 0.29 7.72 ± 0.03 0.67 ± 0.04
4.00 7.36 0.37 7.58 ± 0.02 0.72 ± 0.08
8 .52 7.09 0.74 7.14 0.87

a The reflection technique applied to pure THF gave poor results 
at this frequency since the attenuation was too small. Similarly the 
highest frequency for the uhfbridge is /  = 1.5 GHz.

Figure 3. Relaxation behavior fo r LiC I04 0 .05 M  in THF at t = 2 5 °. 
(a) C o le -C o le  plot: t R"  vs. eR'. (b) Plot o f the function tan [[ ta n - 1
(ed' ' / t d' — too)]//d} vs. f. = es =  7.4, f j  =  0.80.

fected by the solute.14 Lestrade8 avoided this approxima
tion using a computer analysis of all of the relaxation spec
tra, including an additional datum at 35 GHz, namely, in
cluding the solvent relaxation in the analysis. However, 
even in this analysis8 the value of for the pure solvent 
was retained because of the lack of data for frequencies 
higher than 34.7 GHz.

The complex permittivity is related to the Cole-David- 
son distribution parameter ,d and the loss angle <5 by the re
lationship:111

; a Lieto« Ò05M m THF ot 25°C  J
! —  Cole Dovdson dstrtwfon ß = G8, «0=835, «œ- 7 4, fR = i 5GKç

g 4!------Debye snqie Reloxotion, some porometers

72o "oT \ 5c 2CT " s‘c

01-

°0 I o 7  0*5 10 2 0  5 0  d o

f (GHzl------ ►

Figure 4. (a) vs. f. (b) vs. f.

cr' + jer" = cos'3 6 cos ¿35 + j  cos13 5 sin
Therefore a plot of tan [tan“ 1 (ed"Ad' -  t»)/d] vs. f, shown 
in Figure 3b, gives a straight line with a slope 1/ / r .  The 
slope gives / r = 1.5 GHz.

As a further check on these parameters, f0, 3, and / R, a 
plot of cd' vs. /  and vs. /  are shown in Figure 4a and 4b. 
The solid lines are the calculated Cole-Davidson distribu
tion functions and the dashed lines are the corresponding 
Debye functions by retention of the same e0 and / r .  The 
final results indicate that a Cole-Davidson distribution 
function with /3 = 0.8 can fit the data. Similar conclusions 
were reached by Lestrade et al.8 at higher concentrations of 
LiClOq with corresponding values of
D iscussion

Previous theories and results are reviewed briefly to de
velop a quantitative microscopic interpretation of the di
electric relaxation spectra of LiC104 in THF. The first2 
viewpoint is that the relaxational behavior is a result of di
polar rotation. The dipolar rotation is a result of all species 
such as ion pairs, complexes, and other species with a net 
dipole moment different from zero which exist with a life
time long enough to interact with the microwave field.14

Recently, concepts from irreversible statistical thermo
dynamics concerning induced dipoles produced by ionic 
collisions and the general mechanism of the relaxation of 
transport of charges have been used.8-16 Particularly, the 
autocorrelation functions and their applicability to dielec
tric properties as outlined by Kubo17 have been used by- 
various authors to calculate the distribution parameters of 
Cole-Davidson which, in some cases,8 describe the dielec
tric behavior of a locus plot of e" vs. t'.

The following discussion is an evaluation of the relative 
merits of the two approaches.
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(1) Relaxation processes other than those of the solvent 
are absent for 1 :1  electrolytes in water and in all polar sol
vents of intermediate permittivity18 where association is 
absent. Only a depression in the static permittivity occurs 
which increases with electrolyte concentration.1 ’18 This is 
interpreted as a solvation effect as a result of a depletion of 
some solventrxlipoles which coordinate around the ions. 
Therefore if the transport of charge was the only source of 
the observed dielectric relaxation process it is not appar
ent why the relaxation should be absent when the electro
lyte is completely ionized and more ions are present per 
unit concentration.

(2) Relaxation processes, separate from the one of the 
solvent, are present generally when ionic association is 
present. Examples of such systems are BatNBr in ace
tone,14 tributylammonium picrate and tributylammonium 
iodide in acetone, in 1,2-dichloroethane, in CHCI3, and in 
THF.19 These show association and a Debye relaxation be
havior which was interpreted14’19 as a diffusional dipolar 
rotation relaxation.

(3) In very low dielectric constant media the relaxation 
spectrum becomes very complex and generally non-Debye 
type. This may be due to overlapping of the relaxation 
spectra of several dipolar species2 such as ion pairs, qua
druples, etc.2 Electrical conductance studies had indicat
ed the presence of such species.20 However, no current 
theory gives a quantitative evaluation of the formation con
stants using conductance data, except for ion pairs and 
triplets.

(4) Comparisons of solutions of the same electrolyte in 
media of progressively lower permittivity, e.g., BojNBr in 
acetone,14 pentan-3-one,16 and 1,2-dichloroethane,16 show 
that whereas the former system exhibits a Debye relaxa
tion, the latter two systems exhibit a non-Debye behavior 
with a Cole-Cole distribution parameter different from 
zero. A plot of the reported equivalent conductances,16 A, 
vs. concentration shows no minimum which demonstrates 
the absence of triple ions. Unfortunately, conductance data 
cannot distinguish the presence of neutral aggregates larger 
than ion pairs. Such aggregates are detectable only if triple 
ions are present as an intermediate species between ion 
pairs and larger aggregates.

The dielectric relaxation spectra of LiCICU in THF is an
alyzed taking into account the above discussion, published 
results,7 and the results of the current investigation. De
tailed audiofrequency conductance and ultrasonic mea
surements7 have shown that for a LiCICU-THF system the 
electrolyte is largely associated into ion pairs. Analysis of 
the conductance data up to 0.1 M indicated that some trip
lets and relatively few free ions are also present. The for
mation constants at 25° for ion pairs and for triplets are 
K \  = 4.84 X 107 Ai_I and Ky = 153 A/-1 , respectively.

Table II shows that (assuming these two species are the 
only ones present in the concentration range studied) the 
major portion of the electrolyte is in the form of ion pairs. 
Thus it is probable that these species should be involved in 
the observed relaxation process. Previous analysis8,13 only 
had assumed collision-induced dipoles due to linear Brow
nian diffusion of free ions. This was due to the lack of 
knowledge8’13 of the species in solution.

If ion pairs are involved in the dielectric phenomenon, it 
should be reflected in the relaxation amplitude (to — f~) as 
is demonstrated in Figure 5.

This quantity (at C = 0.05 Ai7 and from Lestrade8 at C 
= 0.25, 0.40, and 0.60 M at 30°) is plotted against the con-

TABLE II: Concentrations of the Various 
Species for LiC104 in THF

C. M > •f II 6fl 1 [AB] [A Bj] = [A2 B]

0.05“ 3.2 x 10 '5 0.049 2.5 x  10 '4
0.25" 7.3 x 10' 5 0.242 2.75 x  10' 3
0.40" 9.1 x 10' 5 0.383 5.6 x  10 '3
0.60" 1 1 .2  x 10"5 0.569 1.0  x  10 '2

° t = 2 5 ° . " f = 3 0 ° .  T h e  d i f f e r e n c e  in K\ a n d  K t  b e tw e e n  2 5
a n d  3 0 °  h a s  b e e n  n e g le c te d .

151--------------------------
Relaxation strength
vs the concentration of ion
DOirs for L iC(L04 m

Figure 5 .  P lo t  o f  t h e  q u a n t i t y  ( : 0 — e ® ) v s .  t h e  c o n c e n t r a t io n  o f  io n  
p a i r s  C a b  f o r  U C IO 4 in  T H F .  T h e  s o l id  l in e  is  t h e  c a lc u l a t e d  f u n c t io n  
b y  l in e a r  le a s t - s q u a r e s  a n a ly s is

centration of the ion pairs CLicicu = C(1 — a — Sot), with a 
and c*t the respective degree of dissociation of the two 
species. Figure 5 shows an approximate linear relationship 
which would be anticipated on the hypothesis that the 
rotation of the ion pairs produces the increased permittiv
ity with respect to for the solute relaxation. As previous
ly noted, c* for the solute relaxation is generally lower than 
ts for high concentrations o: electrolyte.

Similar results were noted for tributylammonium picrate 
and tributylammonium iodide in various solvents when Ka 
= 105 to 1020 M- 1  and where the major portion of the elec
trolyte exists as ion pairs.19 However, two considerations 
are to be taken into account before accepting that ion pair 
rotation contributes to the difference eo ~  f®.

The first point to be considered is the lifetime of the ion 
pairs with respect to the dielectric relaxation time, of the 
order of 10-10 sec. The forward rate constant for diffusion 
controlled approach of two ions to form an ion pair, fol
lowing the Debye-Smoluchowski theories,21 is

8LkT -b  
-  300077 e-b -  1

with b = \Z\Z^e2laDhT. Assuming the interatomic dis
tances within the solvated .on pair to be7 a *  4 X 10-8 cm 
and D =  7.4, b =  18.94 then fcp ~  2.72 X  1011 A/ - 1  sec-1 .

Assuming a one-step process the reverse rate of diffusion 
is k-R = kv/K^ = 5.44 X 103. The half-time for the first- 
order dissociation reaction should be 11/2 = In 2/&r = 1.3 X 
10 -4 sec, which is the half-time of the existence of the ion 
pairs. This period is much longer than the dielectric relaxa
tion time. Compared to the period of the microwave signal
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(10-9 to 1CT10 sec) the ion pairs may be considered as per
manent dipoles, even if the association to an ion pair is a 
two-step process, with Ka = K0(l + K i) where Ko is the 
outer-sphere formation constant. K0 as given by the Fuoss 
theory,22 modified by Jagodzinski,7 is equal to 1.64 X 10s 
A/ - 1  for a = 4 X 1CT8 cm, thus f 1/2 = 4.2 X 10-5  sec.

The second point to be considered is whether only “con
tact” ion pairs contribute to the difference co -  as is im
plicit in the above development. According to Bjerrum, ion 
pairs exist up to the distance of q = \Z+Z-\e2/2DkT = 38 
X 10-8 cm for a 1:1 electrolyte in a medium of permittivity 
D = 7.4 at T = 298.15°K. Then an inversion of position of 
two oppositely charged ions as far apart as 38 X 10-8 cm 
could still increase the permittivity. However, the distribu
tion of ions with distance must be considered. According to 
the Bjerrum distribution function, the probability of find
ing an ion within the distance r to r + dr from a reference 
ion is given by

\Z  Z  I e2d P = 4nr2 exp n drrDkT
w'here n = number of ions per unit volume.

The ratio of the probabilities of finding an ion at the dis
tance q with respec" to the distance a (4 X 10-8 cm), for a 
unit range dr is given by

d-Pt q2 exp(\Z,Z_\ e2/qDkT) q2 exp 2 e
dP2 a2 exp(| Z,Zm\ e2/aDkT) a2 exp b

Stated in other terms, the average distance of an ion pair 
will be given by the relation'

(r) =
j 4irr3 exp(| Z j z \  e2/rD kT)n  dr 

j  4irr2 exp' | Z,Z_\ e2/rDkT)n  dr

•H)-
for large values of b. Therefore at low dielectric constants, 
the overwhelming majority of ion pairs will be at the con
tact distance a.

Values of a between 2.0 and 3.74 Ä, depending on the 
theory used for the association constant Ka, were obtained 
by conductance data.7 The above figures are in reasonable 
accord with the value calculated using dielectric constant 
data (eo — f°=) for LiC104 in the THF.

If one assumes the quantity (to — e„), associated to the 
solute relaxation, to be due to the rotation of ion pairs, 
from the Böttcher theory as modified by Knight,19 one has

10-3Lc m2 3 c 
(1 -  a f ) 2 3k T  2 e 0 +

where /  = (2co — 2)/(2to + l)a 3, is the reaction field factory, 
a is the cavity radius, and a is the polarizability of the di
pole having moment n located at the center of the cavity.

Assume a = 5.4 X 10-24 cm3 as calculated from refrac
tion data.23 By retaining a -  4 X 10-8 cm and to = 8.35 as 
found above for 0.05 M LiC104, /  = 1.29 X 1022 cm-3  and af 
= 0.0695 which gives (1 — of)2 = 0.865. Neglecting this cor
rection factor and using the average value (eo — t«)/C =
18.3 as calculated above using least squares, one has m =
14.5 X 10-18  esu cm. Taking n = ae, then a = 3.0 X 10-8 
cm, which is the same order of magnitude as the value cal
culated' from the conductance association constant K\.

However if the relaxation process observed from LiC104 
in THF is due only to the independent rotation of ion

pairs, *hen a pure Debye relaxation should have been ob
served. Instead, a Cole-Davidson distribution is observed. 
Moreover there is a broadening, with concentration, of the 
Cole-Davidson distribution of relaxation times. In fact, we 
have reported d = 0.8 at c = 0.05 M , whereas Lestrade et 
al.8 reported d = 0.65 at c = 0.6 M.

Several molecular mechanisms may be responsible for 
the appearance of a Cole-Davidson distribution. The pres
ence of two overlapping Debye processes having different 
statistical weight (different relaxation amplitude) would be 
the more obvious cause of a Cole-Davidson distribution. 
“Outer-sphere” and “contact” ion pairs having different 
dipole moments may have a different rotational relaxation 
time (this would include the discrete molecular nature of 
the solvent at variance with the distribution calculation 
shown above). However, such arguments would remain 
speculative rationalizations because of the lack of experi
mental evidence of the simultaneous presence of these 
species for LiC104. We prefer a hypothesis based on the de
crease of independence of the free rotation of ion pairs with 
increasing concentration. The fact that, as shown below, by 
this environmental effect, we are able to reproduce the ex
perimental Cole-Davidson distribution parameter d fairly 
well, gives credence to the validity of the hypothesis.

Schwartz24 has dealt with dipolar orientation processes 
in competition with chemical reactions. However a theory 
similar to the one developed by Glarum20 may be more di
rectly applicable. Accordingly defects in molecular liquids 
cause instantaneous relaxation of the rotation of the di
poles upon encounter. This is a result of the zero viscosity 
in the cavity of the defects. A one-dimensional diffusion 
walk approach for the cavity25 shows that a distribution 
function extremely close to a Cole-Davidson one is predict
ed whenever the relaxation time of the linear diffusion pro
cess is comparable to the rotational diffusional relaxation 
time. In other terms the dielectric process becomes cooper
ative. The functional form for d predicted by the theory is25

d =
1  + (rdif/7D) 1/2

(D

where r îf is the relaxation time for the diffusion process 
and Tdif = lo2/D; lo is the average distance of diffusion and 
D is the diffusion coefficient of the cavity. In particular for 
Tdif = m , d = 0.5. Glarum’s theory25 may be applied to the 
LiC104-THF system by identifying the diffusing defects as 
the ion pairs themselves colliding with other ion pairs 
(while rotating under the influence of the external field) 
because of mutual diffusion. As a result of a collision the 
two ion pairs may “lose” the field because of a new dipole 
moment and moment of inertia of the momentary quadru- 
pole.23

Previous analysis of conductance7 data in the concentra
tion range 10-5  to 0.1 M did not demonstrate the presence 
of such species. However, we are dealing here with dielec
tric data in the concentration range 0.05-0.6 M and the 
presence of these aggregates cannot be excluded. 
Hemmes27 has shown for LiN03 in THF that the slope of 
the A vs. c plot may be affected by quadrupoles. Indeed an 
inflection in the A-c plot (log-log) was noticed7 for LiC104 
in THF at concentrations larger than 0.1 M.

To evaluate Tdiff = Iq2/D the diffusion coefficient D of 
the icn pairs may be evaluated from the Stokes-Einstein 
relation D = kT/&irr\r; for the ion pair distance,7 r = 3.74 X 
10-8 cm, D -  1.3 X 10-5  cm2 sec-1. 2/0 is the distance be
tween the next-neighbor cavities in the Glarum theory,25
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TABLE III: Calculation of the Cole Davidson Distribution Function $ for Li(T04 in THF by the Glarum Theorv

C, M /0, cm Tdif> sec" t d , sec“ Scaled ^expt Ref

0.05 20.3 x  10 '8 3.15 x  IO*8 0.9 x  10-|n 0.86 0.80 b
0.25 11.8 x  10 '8 1.08 x  10‘s 1.28 x  1 0 'ln 0.74 0.79 ± 0.06 c
0.40 10.1 x  10‘8 7.88 x  10MO 1.92 x  IO '10 0.67 0.53 ± 0.04 c
0 .50 8.85 x 10 '8 6.02 x  10"10 1.68 x  1 0 'in 0.65 0.65 ± 0.05 c

“ Tdif = lo2/D. td = d ie le c t r ic  r e la x a t io n ,  t i m e .  " T h i s  w o r k . 1 R e fe r e n c e  8 .

hence lo is the average distance a dipole must diffuse in (2) M. Davis and G. Johansson, Acta Chem. Scand., 18, 1171 (1964), and
each direction to meet a cavity. This distance 2/o in our 
case is the average distance between half the ion pairs 
taken as randomly distributed. Therefore

r 1  i
1/3 -  !

L y2 c , a ir  x  lO^L J L ’/ 2 c  x  10-3l J

-| 1 /3
2L

where cpair is the concentration of ion pairs (mole/liter), ap
proximated to the stoichiometric concentration because KA 
= 4.8 X 107 M~l »  K t  >  K quacirupoie-27 L is the Avogadro 
number; the factor % accounts for the fact that the ion pair 
is considered alternatively cavity anc rotating dipole. The 
values of lo and of td for c = 0.05 M at 25° measured in 
this study and at c = 0.25-0.40 and C.60 M at 30° 8 are re
ported in Table III together with the calculated values of 
from eq I. The calculated and the experimental values of d 
are in agreement with the exception of the value of c = 0.4 
Ms where the experimental results show also an inversion 
in the trend of c„ with concentration. Also as the concen
tration increases T<jjf becomes shorter and closer to the 
value of td- The process becomes cooperative and d tends 
toward 0.5 as predicted by the Glarum theory.25

In fact, recently Lestrade et al.28 have published data for 
LiC104 in benzene added to THF as to make the molar 
ratio (THF/LiC104) = 3. The electrolyte concentration was 
c = 0.8 M. By setting t«, for the LiC104 solution equal to 
the pure solvent (c„ = 2.38) these authors give rn = 5.10 X 
10~10 sec, d = 0.51. Setting r„ = 2.274, the permittivity of 
pure benzene, it gave td =  5.20 X 10-I ° sec and d = 0.50. 
Using the modified Glarum theory we obtain lo = 8.04 X 
10-8 cm and Tdif = 4.97 X 10-10 sec, which in turn gives for
td = 5.1 X 10- 
d = 0.49.

-10 sec dca icd  0.50 and for t d  = o.2 X 10 10 sec,
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C O M M U N I C A T I O N S  T O  T H E  E D I T O R

Comment on the Paper “ Ionic Solvation Numbers from 

Compressibilities and Ionic Vibration Potentials 

Measurements” , by J. O’M. Bockris and P. P. S. Saluja

Publication costs assisted by the Office o f Naval Research and the National 
Science Foundation

Sir: In a paper in this journal, Bockris and Saluja1 have at
tempted to use ionic vibration potentials (IVP) together 
with compressibility data to calculate ionic hydration num
bers and their concentration dependence. Some assump
tions involved in their approach, however, raise substantial 
questions concerning the significance of the hydration 
numbers so evalulated.

1. Nature of Ionic Vibration Potentials. IVP’s are a 
measure of the apparent mass (W;) of the solvated ion, i.e., 
the mass of each solvated ion minus the mass of the free 
displaced solvent.2 Thus

M7i =  { M s) i  -  ( V3) iP 0 =  +  n i M 0 ~  ( V 3) iPo  (1)

where ( M s ); is the molar mass of the ith solvated ion, ( V s )i 

is the volume of the solvated ion, and the other symbols 
coincide with those in ref 1. The question of what consti
tutes the solvated ion requires consideration of the basic 
differential equation for the forces acting on the ith ion in 
the theoretical treatment of IVP.3 Neglecting terms which 
are small for dilute solutions, this equation has the form

e ^ X  -  f t { v ,i -  u 0) +  V i P o ^  =  n h  (2)

where e\ is the charge of the ith ion, f\ the frictional coeffi
cient, v\ the velocity, ml the mass, V\ the volume, X the 
electric field intensity, i<o the solvent velocity, and t the 
time. Implicit to th.s equation is a model consisting of the 
core ion surrounded by solvent molecules bound to it with 
all other solvent in the system behaving as pure bulk sol
vent and no rapid exchange of this bound solvent with bulk 
solvent. This model is questionable even as an approxima
tion. Significant momentum transfer occurs between the 
solvated ion and bulk solvent through the rapid exchange 
of the solvent in the solvation sheath with bulk solvent. For 
ions such as the alkali metal cations and halide anions, the 
lifetime of a water molecule in even the primary hydration 
sheath is many orders of magnitude shorter than the period 
of the ultrasonic waves used for the experimental studies. 
What constitutes bound solvent is therefore very much in 
doubt. Furthermore, unless the model for the solvated ion 
is such as to include all solvent whose density is perturbed 
by the ion, both the frictional and pressure gradient terms 
in the sound field are incorrect because the local environ
ment does not have the velocity i>o of bulk solvent. The am
plitude and phase of the motion of any region in the solu
tion within the sound field depends on its density.

Fortunately there is compensation of some of these dif
ficulties in the IVP treatment based on eq 2. The final

equations obtained for the IVP are expressed as a function 
of the apparent mass W-, (given by eq 1 ) and the transfer
ence number (t\). By using transference data, the effects of 
the momentum transfer associated with the solvent ex
change are taken into account without the introduction of 
new errors provided the solutions are dilute. Further, the 
value of W\ and hence the IVP are not dependent on how 
large the volume (Vs)i of the solvated ion and hence the sol
vation number nj in eq 1  are taken to be, provided the 
values of these quantities are at least large enough to en
compass all solvent whose density is perturbed by the ion. 
If the size of the solvated ion is taken to be greater than 
this minimum value, both the mass and the buoyancy 
terms increase by the same amount in eq 1 and do not in
fluence Wi or the values of IVP calculated from them. Thus 
the value of n; in the Bockris-Saluja paper depends on how 
( V s )i is fixed and does not correspond to any simple con
cept of bound water.

IVP may also be viewed as an ac acceleration potential 
and treated in terms of the thermodynamics of flow in an 
acceleration field4 since the mass relaxation frequencies of 
the solvated ions are many orders of magnitude higher than 
the ultrasonic measurement frequencies.2 Thus for an ac
celeration field under isothermal conditions, the electric 
potential gradient is4

Vi/- =  + V W ]  (?'<

where 4> is the acceleration field potential, F is the Faraday 
constant, p\ is the chemical potential, and the apparent 
mass Wj is thermodynamically specified as

Wi = Mi -  pVl (4)

where V) is the ionic partial molal volume and p is the solu
tion density. The isothermal assumption is reasonable for 
the propagation of sound in water although probably not 
for other solvent systems with much larger specific heat ra
tios. If the assumption is made that the Vp\ terms in eq 3 
are small compared to the WtV(p terms, then the expression 
obtained for IVP from eq 3 is the same as obtained from 
the dynamic reaction approach using eq 2 except that VF; is 
defined by eq 4 rather than eq 1. [Note that the electrodes 
used to measure IVP are only capacitively coupled to the 
solution through the interfacial capacitance and sense only 
the ac potential differences between regions with two dif
ferent accelerations.]

Equations 1 and 4 became equivalent expressions when 
the size of the solvated ion is taken sufficiently large so as 
to encompass all solvent whose density has been perturbed 
by the ion. This can be demonstrated as follows. Combin
ing eq 1 and 4 yields

=  l(Vs\  ~ Wl(M0/p 0)](p0/p) (5)

For moderately dilute solutions (<10_1 M), p = p0 to a good 
approximation and
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Vi = (vs)i -  niv 0 (6)

and the partial molal volume of the electrolyte as a whole is

V i  =  T . V l =  (7)
i i

This equation is valid only if (Vs); and n\ include all of the 
solvent whose volume differs from that of pure solvent but 
is still correct even if (Ts)i and n\ include additional solvent 
whose volume is not perturbed by the ions.

The term “ionic vibration potentials” may be somewhat 
misleading since it tends to conjure up thoughts of vibrat
ing solvated ions and simple mass inertia effects involving 
solvated ions. The ultrasonic frequencies (10s—106 Hz) at 
which IVP’s are measured, however, are far below (by a fac
tor of ~ 106) those at which inertia effects would cause any 
appreciable phase lag. The ultrasonic waves give only a 
very slight periodic bias to the random movement of the 
ions under the influence of the thermal energy within the 
liquid.

2. Nature of the Hydration Numbers Involved in Ionic 
Vibration Potential. Bockris and Saluja used values of 
(Vs); in eq 1, calculated from the corrected Stokes’ law radii 
of the hydrated ions given by Nightingale.5 The n\ values 
involved in this part of their work are really the corrected 
Stokes’ law radius-partial molal volume values. This can be 
seen from eq 6, which in rearranged form is

« , =  [(v8)i -  v t] / y 0 (8)
where Vo is the molar volume of pure water. The subtrac
tion of Vi (rather than just the central ion volume) from 
(Vs)i includes a correction for the difference in volume of 
the hydration water and bulk water. This correction is 
quite accurate for dilute and even moderately concentrated 
solutions, provided the volumes (Vs); calculated from the 
corrected Stokes’ law radii include all the water molecules 
surrounding each ion with effective volumes differing ap
preciably from that of bulk solvent. The values oi \ \  are di
rectly related to the apparent masses IVj by_cq 4 and in 
turn the IVP’s are a measure of and hence V\. Thus, the 
two terms on the right-hand side of eq 7 in ref 1 can be ex
pressed in the forms

<P o/rtO __ 1
2.79 M0

1  |( L rA = - y V i —M0 il v

(M_ -  V j3 0) (9a)

The principal reason for involving IVP’s in the evalua
tion of the hydration numbers is that the IVP’s depend on 
difference terms rather than sum terms for the cations and 
anions and, when combined with sum data for n\ s. permit 
the evaluation of individual ionic values. The two types of 
data, however, must involve the same kinds of hydration 
numbers. In the work of Bockris and Saluja, it is doubtful 
that the corrected Stokes’ law radius-partial molal volume 
hydration numbers involved with the IVP’s are the same as 
obtained from compressibility data using the Passynskii 
equation. The combination of the corrected Stokes' law ra- 
dius-IVP data with partial molal volume data for the elec
trolytes would appear more consistent and logical since this 
essentially eliminates any question as to both types of data 
involving the same kind of hydration numbers at least up 
to moderate concentrations.

The equivalent calculation may be readi.y carried out 
with eq 8 using the individual ionic partial molal volumes

obtained earlier from IVP data2 and the Stokes’ law radii 
as corrected by Nightingale5 for deviations from Stokes’ 
law. The values so caclulated are essentially the same as 
listed in Table V of ref 1 under the heading “values of ionic 
solvation numbers from partial molal volume and Stokes’ 
law radii data”.

At first consideration, it may appear that the combina
tion of the corrected Stokes’ law radius-IVP data with sum 
data for m permits the evaluation of individual ionic hy
dration numbers without assuming the hydration number 
of any one ion to be zero. Unfortunately such is not com
pletely true. Bockris and Saluja incorporated the assump
tion that the hydration numbers of the tetraalkylammo- 
nium ions larger than (CH3)4N + are zero when they made 
use of the corrected Stokes’ law radii of Nightingale5 in cal
culating the A term in eq 7 of ref 1 for the majority of the 
ions for which they list n, values. The value of the hydra
tion numbers so calculated are strongly influenced by the 
assumptions made by Nightingale in obtaining the effec
tive radii of hydrated ions, particularly for the smaller ions. 
Stokes’ law fails for ions which are not large compared to 
the dimensions of the solvent molecules. To correct for 
such, Nightingale used a calibration curve somewhat simi
lar to that proposed by Robinson and Stokes.6 A plot of the 
hydrated ionic radius vs. the measured Stokes’ law radius 
was prepared by assuming all of the tetraalkylammonium 
ions with Stokes’ law radii > 2.5 A to be unhydrated and 
then using as calibration points their crystallographic radii 
vs. their measured Stokes’ law radii. This procedure is 
equivalent to fixing the hydration numbers of these tetraal
kylammonium ions as n\ = 0. The tetraalkylammonium 
ions provided calibration points down to measured Stokes’ 
law radii of 2.5 A. To complete the calibration curve, 
Nightingale assumed that -he curve was linear below 2.5 A 
and that the corrected hycrated ionic radius approaches a 
finite limit diameter of a water molecule as the measured 
Stokes’ law radius approaches zero. For ions such as the ha
lides, with measured Stokes’ law radii well below 2.5 A, 
these assumptions have much influence on the hydration 
numbers calculated from IVP’s.

All things considered, we find it difficult to associate any 
special advantage with hydration numbers evaluated from 
IVP-corrected Stokes’ law radius data together with either 
partial molal volume or compressibility data relative to 
some other kinds of hydra-ion numbers. Unfortunately all 
of the various types of hydration numbers so far proposed 
either involve questionable assumptions and/or are very re
stricted in their definitions. One of the merits of the paper 
of Bockris and Saluja is that it attempts to distinguish be
tween solvational and nonsolvational water molecules with
in the hydration shell on a kinetic basis.

3. Concentration Dependence of IVP's and the Correct
ed Stokes’ Law Radii. The equations ((4) and (7) in ref 1 ) 
used to calculate the ionic hydration numbers from IVP’s 
are questionable at concentrations up to 5 M. Charged ion 
aggregates can cause substantial errors, particularly with 
asymmetric electrolytes for which the ion pairs have a net 
charge. It is not necessary for these aggregates to be inner 
coordinate sphere complexes to contribute to the observed 
IVP’s. Further, even the apparent masses of the ions are no 
longer properly given by eq 1 above or eq 5 in ref 1 since 
the pressure-gradient term in the equation3 for the forces 
acting on the ions can no longer be approximated as a sim
ple function of the density of pure solvent.

At concentrations from 10-2  to 1 M. IVP’s have been
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found to change relatively little with concentration for 
most electrolytes.1-2 Above 1 M, the only published experi
mental IVP data appear to be those in ref 1 for CaCb and 
SrCl2 at 5 M. For these two electrolytes, the IVP’s decrease 
by approximately 30% between 10_1 and 5 M. For all of the 
other values in ref 1, the values at 5 M have been extrapo
lated from the value at 0.05-1 M. For 12 out of 16 electro
lytes. the IVP’s at 5 M have been taken to be the same as at 
1  M. We believe that this is a very dubious procedure.

In using the IVP and compressibility data at various con
centrations up to 5 M, Bockris and Saluja did not appear to 
have corrected the Nightingale hydrated ionic radii for 
their change with changing hydration at high concentra
tions, assuming for the moment that the hydration num
bers decrease at high concentrations in the manner re
ported by these authors. It appears that concentration-in- 
dependent A values were used in eq 7 of ref 1 for both 
asymmetric as well as symmetric electrolytes despite the 
dependence of this term on transference numbers as well as 
(Vs)i. Pending some vigorous defending of these additional 
assumptions, the quantitative conclusions reached in ref 1 
concerning the concentration dependence of the hydration 
numbers do not seem justified.
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Sir: Yeager and Zana (Y-Z)1 have questioned the reliability 
of ionic solvation numbers and their concentration depen
dence, which were evaluated from the combination of com
pressibility and ionic vibration potentials (IVP) measure
ments.2 We discuss the points of Y-Z in order.

(1) Are the two methods, compressibility and IVP, mea
suring the same kind of solvation (hydration) numbers? 
We examined this in section IV (la and lb) in our paper2 
(pp 2146-2149).

According to Y-Z, the solvent molecules of the solvated 
ions undergo a large number of exchanges with the bulk 
solvent during the period of the ultrasonic waves (105- 106)

while measuring IVP. In considering ionic solvation num
ber, one is concerned with the state of individual ions. 
These ions are in random motion irrespective of whether 
the system is in equilibrium or not. Thus, the compressibil
ity method, which involves measurements of the solution at 
equilibrium, nevertheless concerns ions in a state of dy
namic movement and should measure the same kind of sol
vation numbers as one would expect from a measurement 
method made when the ions are drifting under nonequilib
rium conditions (e.g., under an ultrasonic or electric field). 
The deviation of movement, then, is tiny from that indicat
ed in random motion.

Considering the individual state of ions in solution: on a 
time average, the solvent molecules in the vicinity of ions 
undergo exchanges with the bulk solvent in both measure
ments—compressibility and IVP—used in our work.2 The 
solvation numbers measured by these methods are those 
solvated water molecules strongly (see p 2150 of ref 2 for 
the discussion of the magnitude of such strong interac
tions) bound to the ion, termed by us “solvationally coordi
nated water”. We showed by calculation in section IV (la  
and lb) in our paper2 that the water molecules loosely 
bound to the ion, termed by us “nonsolvationally coordi
nated water”, behave approximately like bulk solvent mol
ecules in respect to their compressibility and their interac
tions with ions moving in an ultrasonic field. These mole
cules coordinated to the ion in the first coordination shell 
are consistent with numbers indicated by X-ray3’4 studies 
on coordination numbers of ions in aqueous solutions.

The solvation number—the number of water molecules 
attaching to the ion during movement—is the number 
reacted to both by the compressibility (nonsolvated, but 
coordinated, water compressible) and by the IVP, for this 
is concerned with relative motion and, hence, drag on the 
ion during that motion.

(2) (a) Concerning a buoyancy term (last term in eq 1 of 
Y-Z2),5 we have already raised a question ourselves6 
whether this term should be used for the motion of an ion 
in the direction of an ultrasonic field. We return to this 
theme below.

(b) The use of a corrected Stokes’ law radii, Vs, contains 
an implicit assumption that the solvation number of 
tetraalkylammonium ions with radii equal to or greater 
than 2.5 Â is zero. According to Y-Z, the ionic solvation 
numbers obtained by us involving the use of Vs may not be 
absolute. However, Y-Z themselves argue that this as
sumption is reasonable7,8 because the électrostriction term 
is small due to a low charge size ratio for such ions.

Further, extrapolation of a plot of our ionic solvation 
numbers for cations and anions against the reciprocal of 
ionic radii predicts an interesting result; i.e., solvation 
numbers for the ions with radii greater than 2.7 Â are zero 
(see Figures 4 and 5 of ref 2). This does suggest that suffi
ciently large ions are unhydrated and is not importantly 
deviant from the 2.5 Â involved in our assumption about 
tetraalkylammonium ions. Within a thus indicated degree 
of approximation, the values of ionic solvation numbers in 
our paper should be considered absolute.

This assumption—that there are zero oriented coordina
tion water molecules attached to sufficiently large ions— 
has nothing to do with structure-breaking effects, which 
are, of course, also caused by tetraalkylammonium ions.

(c) Are the calculated values of ionic solvation numbers 
sensitive to the use of extrapolated values of Va for ions 
with radii below 2.5 Â from the plot of a corrected Stokes’
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TABLE I: Effect o f 20% U ncertainty in the Volume of 
the M oving Ion on the B ockris-Saluja  Method and that 
U sing S tok es’ L aw  D irectly

ns (±20;; r s)

Ion Bockris and Saluja Direct method

Li* 4.5 ± 0.02 4.7 ± 1.0
Na* 4.5 ± 0.05 3.7 ± 0.8
K* 3.8 ± 0.01 2.7 ± 0.6
Rb* 3.0 ± 0.04 2.5 ± 0.6
Cs* 2.5 ± 0.07 2.3 ± 0.6
F‘ 4.0 ± 0.02 3.3 ± 0.7
c r 2.2 ± 0.05 2.3 ± 0.6
Br‘ 1.8 ± 0.05 2.0 ± 0.6
I* 1.5 ± 0.05 1.6 ± 0.6

law radii against ionic radii? We have shown6 that the ionic 
solvation number, being the difference of two terms [(t+/ 
2+)( Vs)+ — (f_/z_)( Vs)—], is not sensitive to uncertainty in 
values of V9, because a systematic error in VH will tend to 
cancel. For a 20% uncertainty in Vs, the solvation numbers 
change by less than 0.1 , whereas if one uses a modified 
Stokes’ equation directly, any error depends directly on the 
degree of validity of (i.e., error in) this form of Stokes’ law 
and for an uncertainty of 20% in V9, solvation numbers 
change by more than 1 unit (see Table I).

The assumption of linearity in the calibration curve of 
Nightingale5 for the values of Vs for ions with radii less 
than that for ions with negligible hydration will thus not be 
a sensitive assumption within the structure of equations in 
IVP. Thus, the determinations of the difference of solva
tion numbers of ions from IVP involves the difference of 
two quantities [(t+/z+)(Vs)+ — (t_/z_)(V s)_], which are 
nearly equal for most electrolytes (Table II of ref 2).

(d) Last, Yeager and Zana’s comment that “the combina
tion of corrected Stokes’ law radius-IVP data with partial 
molal volume data for the electrolyte would appear more 
consistent. . . since this eliminates any question as to both 
types of data involving the same kind of hydration at least 
up to moderate concentrations”, is answered as follows. We 
considered this point in our work2 (see Table V of ref 2) 
and our calculations indicated that the values of ionic sol
vation numbers obtained by use of this alternative method 
are about 2 units higher than those obtained by the method 
we used. Discussion suggests it is a less clearly arguable 
method. Do the density measurements for the evaluation of 
the partial molal volume of the electrolyte concern the 
same packing, and therefore local density (or électrostric
tion), as that which occurs during IVP measurements? 
How is the partial molal volume of the electrolyte broken 
up? One would have to enter a detailed examination of the 
validity of this method, perhaps along the lines in section 
IV (la) in our work2 on the validity of the compressibility 
method, before its significance could be evaluated to the 
degree which we have evaluated that of the method we 
used.

(e) It may well be argued that the buoyancy term should 
arise only when we are considering vertical (downward or 
upward) motion of the ions in solution, because then only 
the Archimedean upthrust arises. Since we are considering 
the acceleration in the x direction in the presence of ultra
sonic field, any Archimedean upthrust should not affect 
the acceleration in the x direction. The origin of the Archi

medean term in Debye’s theory lies in a private communi
cation of Debye to Hermans. Hermans opined that, when 
the density of the solute and solvent is equal, we should not 
observe any IVP. The introduction of the buoyancy terms 
was essential to satisfy this condition.

If one examines the magnitude of buoyancy terms (see 
the second term on the right-hand side of eq 6 in ref 2), 
from the parameters in Table II of ref 2, one finds the value 
to be —0.004 to —0.3. Substitution shows that the maxi
mum effect of the buoyancy term will be 0.2 in the solva
tion number. The degree of consistency of primary solva
tion number measurements among various methods is c + 
1 .

(3) This comment refers to concentration dependence of 
the IVP, corrected Stokes’ law radii, or volume Vs and the 
transference number of the ions on the values of ionic sol
vation numbers evaluated from eq 7 of ref 2 .

(a) One should indeed use concentration-dependent 
values of Va, but the advance of using this higher form of 
the approximate correction will be nugatory for the argu
ments presented in section 2c: the difference between sol
vation number of cations and anions is not sensitive to the 
variation in V9, even to the extent of 20% (see column 2 of 
Table I).

(b) The effect of the formation of ion-pair and higher ag
gregates, and also of hydrolysis, was examined for concen
trated solutions (see ref 2, p 2144). For the electrolytes and 
the concentration range studied in our work,2 these effects 
were found to have a numerically negligible effect on the 
calculated ionic solvation number.

(c) The effect of concentration variation on the transfer
ence numbers t+ and f -  was also examined in our work (see 
ref 2, bottom of p 2144 and first paragraph on p 2145). In 
the case of NaCl, the effect of the concentration on fNa+ 
changed the solvation number of Na+ by less than 0.2. 
When the transference numbers of cation and anion are 
equal at infinite dilution (as in KC1), the concentration de
pendence on t is found negligible (< 0.1 change in solvation 
number), and so the effect of the concentration dependence 
of transference numbers on ionic solvation numbers was 
found negligible in general.

(d) Last, corrections due to a concentration dependence 
of IVP on the ionic solvation numbers are examined in view 
of the available data2'9 on IVP. The concentration depen
dence of IVP, obtained by Zana and Yeager,9 indicates that 
the experimental values of the IVP’s were constant for 26 
of the 32 electrolytes within ±0.1 txW over the range of con
centration 0.003-0.1 N. In our work,2 the IVP was found to 
change little for most of the electrolytes over the concen
tration range 0.01-1.0 N. Thus, a combination of the data 
of Zana and Yeager9 and our data2 on the concentration de
pendence of IVP indicates that IVP changes negligibly 
(measured by the criterion of effect on the calculated solva
tion number) over the concentration range 0.003-1.0 N. 
However, the experimental values of IVP at higher concen
tration of 5 IV were determined for three electrolytes.2 
Table II of our paper2 shows that, here, the values of IVP 
change in going from 1 to 5 N  by 0.2-0.3 ¿/V (20%). The 
error will be given by the first term on the right-hand side 
of eq 7 in ref 2, i.e., 0.25/2.79 or 0.1. The associated error 
due to extrapolation to 5 N, the data for IVP against con
centration over the range 0.003-1.0 N, will thus be 0.1 in 
the ionic solvation numbers.

In the work of Bockris and Saluja,2 individual solvation 
numbers have been obtained for the first time by a new ex

The Journal o f Physical Chemistry, Vol. 79, No. 12, 1975



1232 Communications to the Editor

perimental approach.10 In the theoretical approach,13 we 
distinguished between coordination of the ion in aqueous 
solution and the number of water molecules temporarily 
attached to the ion during its random movement in the so
lution. We submit that our method is a new, clear, and in
dependent way to examine the problem of the environment 
around an ion in aqueous solution.
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