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Editorial

In the days when Sam Lind edited this Journal from one side of the Minnesota mall,
and Jack Tate the Physical Review from the other, keeping up with science was sim-
pler. The former added 3 in. to the shelf each year at a cost of $10.00, the latter 4 to 5
in. for $15.00, in those happier pre-WWII years; and each published all the news that
was fit to print in its respective field within 3-6 months of submission. Now we publish
8-9 in. a year; the Physical Review runs in sections and even our esteemed sister the
Journal of Chemical Physics adds a couple of feet; subscription prices and page charges
are best not mentioned; and though new specialized journals break out each month to
drain the overflow, the time lag to publication currently peaks at about 6 months for
our Journal, and bimodally at about 6 and 18 months for the Journal of Chemical
Physics. In short, few chemists can carry the burden of cost, shelf space, and time to
read the journals they wish to follow—they can hardly carry the issues home to read.

The ACS, like other societies which publish scientific journals, has given consider-
able study to these problems; staff, editors, authors, readers, and members have been
involved in consultations to seek means whereby these burdens can be effectively
brought under control, and current reading of science brought back from a harassed
duty to a relaxed pleasure. In this issue we have the privilege of presenting a paper by
Professor Ernest Eliel which admirably discusses the problems and the nature of the
approaches which the ACS is trying out in several of our journals. We urge our readers
to give this paper careful study. And further, we ask readers and authors and all friends
of this Journal to assist us in our experiments to determine optimal use of these experi-
mental methods of publishing. The ACS Books and Journals Division staff has worked
and is working hard and effectively on improving the mechanical methods; the effective
use of the formats available is up to us, the editors, authors, and readers of the Journal.

We have since 1972 utilized both the microfilm and microfiche resources discussed by
Professor Eliel; in 1972 6.66% of the papers in JPC included some microform material,
averaging overall 0.43 microform pages and 5.49 printed pages, while in 1973 11.71% of
the papers used microform, the overall average running 0.86 microform and 4.92 print-
ed pages. (Incidentally, the 1973/1972 comparison shows the effect of the computer-
based photocomposition technique which was first used in 1973 with an accompanying
type-style change; not only is the cost of composition reduced, but each printed page
holds some 11% more material.) We are grateful to the many authors whose thoughtful
and responsive cooperation has helped us to develop the use of these formats while ad-
hering to the policy that the identification of material to be published in microform
must always be a matter of agreement between the editor and the author. We stress the
fact that the microform-published material is not “buried;” it is readily available from
the ACS, and moreover in several hundred libraries; a certain number of individual
subscribers avail themselves of the microfiche edition. In the 1974 issues we shall also,
like our sister publication the The Journal of Organic Chemistry, be experimenting
with the miniprint format. (See pp 1368 of this issue.)

Our experience convinces us that a significant amount of material can appropriately
be placed in the microform/miniprint format; that one cannot delineate the two types
of material by a formula; and that the best use of the printed-plus-microform format
will be achieved when the author looks forward to such use as he originally composes
his paper, and plans the structure of his paper with this format in mind.

Some types of material commonly present in physical chemical papers of course
come to mind: details about purification of materials, or about apparatus; those struc-
ture-factor tables, or long tables of rotational-line frequencies; extensive tables of re-
sulting data (which can be published in absolutely complete detail in microform while
a graph on the printed page better shows the nature and trend of the data); mathemat-
ical derivations, which can be summarized in the printed page and fully detailed in mi-
croform, with computer programs where appropriate; those lengthy arguments which
give the logical reasoning leading to a vibrational assignment, or testing out a hypo-
thetical reaction mechanism, which can be similarly treated.

We bespeak your help in making full and wise use of this format. When you next
write a paper for us, consider what material you can put in microform, and how to refer
to it'or summarize it in print. When next you do the essential and generous and gratefully
appreciated favor of reviewing a paper for us, let the author and the editor have your sug-
gestions as to possible microform material. Point out to the director of your institutional
library the value of the microform editions (either microfilm or microfiche). And let us
have your thoughts and reactions as you read articles and find that we have put too much,
or too little, in microform.

The rewards, which our calculations show to be not impossible of achievement, in-
clude a reasonable cost, sensible shelf-space demand, a reduction of publication time
lag, better coverage of our field, and—by no means least in our opinion—a more read-

able journal.
Bryce Crawford, Jr., Editor
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Certain aspects of the “

information explosion” are presented: the function of scientific publishing, the fi-

nancial picture of scientific journals, the role of various kinds of microform and miniprint, the subdivi-
sion of papers into “to-be-printed” and “to-be-archived” parts. Alerting and retrieval services based on
computer-readable abstract information are discussed briefly.

“The difficulty seems to be, not so much that we
publish unduly in view of the extent and variety of
present day interests, but rather that publication
has been extended far beyond our present ability
to make real use of the record. The summation of
human experience is being expanded at a prodi-
gious rate, and the means we use for threading
through the consequent maze to the momentarily
important item is the same as was used in the
days of square-rigged ships.” V. Bush. 1945

The problem Bush, Director of the Office of Scientific
Research and Development in World War Il, pointed out
almost 30 years ago continues to plague us more than
ever. Under the impact of generous public support,
science, since World War Il, has flourished as never be-
fore, and with that have come enormous amounts of new
information. On the whole, this is clearly a good thing: no
one wants to stop the flow of knowledge. Yet that very
flow can drown us: knowledge which is not properly acces-
sible is useless knowledge and it can even be worse than
useless, acting as a source of confusion and discourage-
ment.

The information explosion is serious in all areas of
science and, indeed, in all areas of knowledge. However,
as chemists we are particularly involved and also particu-
larly concerned for several reasons. One is that chemistry,
more than many sciences, depends on past knowledge—
the existing art must be repeated but must not be acci-
dentally and expensively rediscovered. Another reason is
that in Chemical Abstracts we have perhaps the world's
best basis for information retrieval and at the same time a
great stimulus for improving retrieval strategy.

But before going into abstracting, let us consider the
genesis of the information, the scientific paper. In essence,
the written scientific literature has three purposes: to in-

form or alert those who are working in the same field, to
educate those who are working in related fields and want
to expand their horizons, and to serve an archival function
for posterity who, in later years, may wish to retrieve de-
tails of information accumulated and stored earlier.

In the old days scientists interchanged information by
writing each other letters. There are now too many of us
to make this kind of information exchange efficient, so we
have printed journals and editors and referees to decide
what should go into them. But there is one thing in com-
mon between letters and articles: they require reduction
of an experimental observation and/or interpretation to
the written word. Herein lies the first bottleneck. Many
scientists and engineers do not know how to write clearly
and concisely. As a result the written record is more diffi-
cult to read than it should be and both its informational
and educational functions are impaired.

I like to illustrate the source of the difficulty of reduc-
ing experimental observations and interpretations to clear
prose with an anecdote which reaches back over 20 years
when my wife was secretary of the Mathematics Depart-
ment at a major university. At that time the movie
“Hamlet” with Laurence Olivier was being shown and my
wife encouraged one of the graduate students to see it.
The next day she asked him how he had liked it. “Not
very much,” he said, “I got bored and walked out in the
middle. But, now | am bothered because | shall never
know how the story ended.” My wife, in shock, asked him
if he had not read Hamlet in school or at least in college,
where he had been an engineering undergraduate. The an-
swer: “No, | took English for engineers.”

Looking at my students’ laboratory reports | feel that
while the situation has improved over the years, it is still
far from perfect. There is much room for better education
in English and the ability to write—a skill which should
be taught in high school rather than in college. Sugges-
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tions have been made to get around the writing problem
by employing ghost writers for lab reports and papers.
Personally | doubt this will work, for I know how 1 feel
myself when | write up a paper of work | have done years
before and with which I no longer have close contact. Of
course, there is a reward for good writing: more people
read one’s papers. It is a talent which contributes to sci-
entific success.

Let us return to the information process. Let us assume
that the paper is written in understandable form and that
it is scientifically sound and has been accepted by referees
and the editor. (This is not the place to discuss the scien-
tific editing process except to say that, if an editor has
budgetary limitations on the number of pages he can pub-
lish, he has at present only three choices: to tighten his
publication standards and accept fewer papers, to ride
herd on his authors to be briefer—which is very difficult—
or to let publication delays become longer.) The next step
is for the paper to be printed. That is a costly process.
Just to set a page in type, e.g., in The Journal of the
American Chemical Society (JACS), costs approximately
$54. Since JACS contains about 9000 pages per year, this
amounts to $486,000. This figure represents about 45% of
the total budget, with printing, editorial costs, subscrip-
tion fulfilment costs, and overhead accounting for the
rest. Unfortunately, printing and paper costs have been
skyrocketing. JACS was produced in 1972 at a deficit of
$105,000. If neither page charges nor subscription rates are
increased, the deficit will rise to $321,000 in 1976. This
clearly cannot be allowed to happen, for there are no
subsidies, public or private, to cover such deficits. In fact,
it has been computed that at constant subscription rates,
the total deficit of all the American Chemical Society
journals in 1976 would be over $675,000, which would con-
stitute a loss calculated to be about $6.50 per member to
be compared with total present dues of $28. Since there
are many competing claims for the Society’s dues, it is
highly unlikely that ca. 25% of the dues income will be al-
located to subsidizing the publications program, much as
some members may consider such a subsidy desirable.

Before considering remedies, let us take a look at the
income side of the ledger. There are four sources of reve-
nue: member subscriptions, nonmember subscriptions,
advertising, and page charges. Member subscriptions are
a limited source of revenue. JACS, at a subscription price
of $22, had nearly 10,000 member subscribers in 1973.
This is a large number (amounting to nearly 10% of the
membership) but, unfortunately, it has been steadily de-
clining in the last 5 years. Between 1971 and 1973 total
journal subscriptions for ACS journals by members de-
clined over 8%, from ca. 67,000 to ca. 61,500. Since 1969
when the member subscription rate to JACS was in-
creased from $16 to $22, the number of member subscrip-
tions has dropped from 12,900 to 9800. One might expect
the situation to be more favorable with nonmember sub-
scriptions since libraries can ill afford to do without the
major journals, but this is unfortunately not the case. In
1972 the ACS increased most nonmember subscription
prices by 50%. The total number of nonmember subscrip-
tions in 1973 as compared to 1971 has dropped 6.7%; for
JACS the drop has been from 6100 to 5600.

We come to the conclusion that subscription income is
precarious. What about the other two sources? Advertis-
ing is not a major factor in most specialized technical
journals (as distinct from general ones, such as Science
and Physics Today), with a few exceptions (e.g., Analyti-
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cal Chemistry). In any case, the state of technical adver-
tising is parlous. We are left with the most undesirable
source of income: page charges. Where, in the past, an au-
thor would receive a honorarium for his efforts, he must
now pay a penalty to see his work published. Of course, it
is not expected that the author will pay this charge out of
his own pocket. It is really a hidden government or indus-
trial subsidy; it is expected that the sponsor of the work
pays for the page charge. Page charges are high. They
amount to $50 per page in ACS journals; in AIP (Ameri-
can Institute of Physics) journals they are now $70. The
payment of page charges is not mandatory and if (and
only if!) the work an author publishes is not sponsored, he
may (and legitimately should) ask for a waiver of page
charges. In fact nearly 40% of the authors in ACS journals
do just that. In the American Chemical Society, authors
who do not pay page charges are not penalized: the editor
does not know about payment when he accepts the paper
and authors who do not pay are not discriminated against.
The situation is otherwise in AIP journals. Although edi-
tors of AIP journals also accept papers purely on their sci-
entific merits, only a limited number of pages are allocat-
ed to authors who do not pay page charges. As a result, a
paper that might take 6-7 months to appear if page
charges are paid is delayed by about 1 year to a total of
18-21 months from submission to publication. Clearly,
page charges are at best a necessary evil.

What can be done to keep scientific journals viable?
One experiment which has been carried out with The
Journal of Medicinal Chemistry and Inorganic Chemistry
is to use socalled “cold type,” i.e.,, to type a master copy
from which printing plates are then made photographical-
ly rather than to set the type in a conventional way. The
savings in this process are substantial, as much as $15-20
or approximately one-third of composition costs. The
product is quite pleasing, in fact, it is distinguishable
from a typeset product only by the lack of a flush (“justi-
fied”) right margin. It should be stressed that this process
is entirely different from producing journals by photo-
graphing the author’'s manuscript and making plates from
it. The latter process tends to produce poor copy (since
authors’ manuscripts tend to be esthstically imperfect)
and low information density. In the “cold type” process
the manuscript is retyped on a special typewriter with a
variety of symbols by a trained operator and is illustrated
by an expert draftsman.

Another way of saving composition cost is by computer
composition—the so-called “photon process.” Both type-
writer and computer composition reduce cost by a one-
time fixed factor but obviously do not contain the expan-
sion of the literature.

Let us return from the digression of journal economics
to the more general problem of the information explosion.
Not only do journals get more expensive, there are also
more of them and they are getting fatter. The problems of
journal economics and of what might be called the “infor
mation burial” (it both buries us and gets buried) are, of
course, closely related. If the amount of material printed
per unit time remained constant, costs should increase
roughly with inflation and one might expect that libraries,
and perhaps even individuals, could keep up. In fact,
however, at least up to now, there has been nearly expo-
nential growth. As a result, not only have journals become
fatter but there have been more of them. Library budgets
are unable to keep up with the situation. Nor can any in-
dividual’s reading and comprehension power.
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One might suggest that the remedy is for editors to ac-
cept fewer papers for publication, but this is clearly a
dangerous course. If a paper is novel and if the work re-
ported is valid and scientifically sound, the only legiti-
mate reason to reject the paper is that it is of no interest
(“irrelevant”) and that argument is, of course, not infre-
quently used. But it is a dangerous argument, as might be
illustrated by a story related to me by Milton Burton, the
Director Emeritus of the Radiation Laboratory at the Uni-
versity of Notre Dame. It occurred around 1940 or 1941,
shortly before the U.S. entered the war, and concerns a
thesis by a graduate student of Professor Benedetti Pi-
chler's at New York University. The topic of the thesis
was “The Attainable Limits of Microanalysis of Rare
Earth Elements.” What could be more useless and unin-
teresting than the trace analysis of an obscure group of
elements? There was some thought (fortunately discard-
ed) that the thesis should be rejected on the basis of “ir-
relevance,” to use a fashionable expression. Yet, only a
few months later, after the inception of the Manhattan
Project, the thesis became so important that it was classi-
fied, for the now obvious reason that rare earth elements
turned out to be fission products and their analysis, on
the ultramicro scale, proved to be most important for
studying the fission process in the preliminary experi-
ments prior to achieving a chain reaction.

We might ask if there is any way of streamlining infor-
mation so that it becomes both less expensive to print and
easier to absorb. The American Chemical Society has
studied this problem for some time through a special
“Committee on Improved Publication Formats” of which
the author of this article is a member and the editor of
this journal is chairman. Some of the thinking which went
into this study and likely developments resulting from it
may be of interest. They are largely what one might call
“evolutionary” though a far more “revolutionary” scheme
is now being experimented with in Europe.

In attempts to improve publication formats, one might
focus on the fact that only a certain fraction of each sci-
entific article, varying perhaps between 10 and 70%, de-
pending on the article, is of real educational value to the
average reader. The remainder is of interest only to the
few experts in the specific field of the article or to those
later investigators who, in posterity, wish to retrieve cer-
tain specific information from the article. Thus one might
make a case that only the generally interesting material
should be printed in bound and hard-cover form whereas
the rest should be “archived,” i.e., photographed directly
from manuscript and put out in the form of microfilm,
microfiche, miniprint, or several of these media.

There are, of course, difficulties with such a scheme. It
requires a tremendous educational campaign to get au-
thors to understand how they should divide their manu-
scripts into “to be printed” and “to be archived” parts. It
requires great efforts on the part of editors to help in this
educational process and, eventually, after a transitional
period, to insist that a reasonable division between these
two portions be adhered to by the author. Also, even the
most optimistic estimates contemplate savings of only
30-50% in the size of the printed version. However, even
that much would save a great deal of printing cost and
would make it much easier for the reader to digest the es-
sential part of the paper.

If this development comes about, we foresee that there
might be three kinds of subscriptions. One would be a
hard-cover, printed, core version only, mainly for the use
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of individuals. The second one would be the core version
plus all supplementary material in the form of microfiche
supplied with each journal. This version would be suitable
for smaller libraries and for those few demanding individ-
uals who feel they need the entire journal. It would, of
course, be considerably more expensive than the core ver-
sion only, but the cost might not be higher than that of
the present library subscriptions, since filming costs less
than the expensive process of printer composition. Fiche
readers are available inexpensively, at a cost of about $100
and are thus well within financial reach of even a small
college library. However, this version would not be ade-
guate for a large library for two principal reasons: one is
that fiche is not a suitable permanent archival form for a
large library because of storage and loss problems, and the
second is that it wculd not be sold with the right to make
offprints. Thus a large library would probably subscribe to
the third or “deluxe” version which includes all of the
above plus reels of microfilm which are supplied at regu-
lar intervals, whenever there is enough material (printed
plus supplemental) to fill a reel. This version would also
confer the right to make enlarged offprints. Microfilm is,
of course, in any case the library medium of the future
because of its much smaller storage volume, because of
the ease with which modern cassette 16-mm microfilm
can be inserted into a self-engaging microfilm reader, un-
wound, and read and the ease with which enlarged print-
out can be produced from it. | hasten to add that all ACS
journals are in fact available in microfilm format and that
those journals containing an appreciable amount of sup-
plemental material also make such material available in
fiche form. So far, however, authors have made very lim-
ited use of this medium (see below).

This proposed system has one major advantage and one
major drawback. The drawback is the obvious high cost of
the “deluxe” journal editions which the major libraries
would have to defray. The present cost of JACS on micro-
film (including the hard-cover edition) is $275 per year,
compared to the library price of the hard-cover edition
alone of $66; it includes the right to make off-prints.
There is no question that there will be major budgetary
problems for the large libraries beyond those already
plaguing us. The advantage is that we may, under this
scheme, be able to abandon the nonmember vs. member
subscription dichotomy. At the moment, JACS costs $22
to Society members, $66 to nonmembers. The Society is
trying to keep the member’s price low because of the be-
lief that journals provide an important educational func-
tion and that individual subscriptions should therefore be
encouraged. One problem in this, however, is cheating.
Despite the membership subscription pledge introduced
in 1973 and despite the overprint on member subscription
journals, there is evidence that member’s current journals
are leaked to libraries with resulting loss of income to the
Society. Under the new scheme, separate member sub-
scription prices could eventually be abolished—the price
of the printed version would be roughly the member price,
that of the printed-plus-fiche version would be roughly
that of the nonmember price, and the complete version
would sell at a price comparable to the present microfilm
subscription.

One of the drawbacks of the hard cover-microfilm-mi-
crofiche scheme is that a reader would have to own a mi-
crofiche reader to read the journal (or any particular arti-
cle therefrom) in its entirety and that the current infor-
mation package (as distinct from the microfilm which is
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issued only every few months when a reel is complete),
would come in two separate forms: the hard-cover journal
and the microfiche. And, although microfiche readers are
not very expensive, cost is of some consideration and so is
the convenience (or inconvenience) of using them. There
exists therefore at the present time something of a
“chicken-and-egg” situation: authors are not anxious to
place their data in the supplemental (fiche) material be-
cause they think (with some justification at this moment
in time) that it cannot be instantly retrieved; libraries are
less than anxious to buy the microform because the over-
whelming percentage of material (over 95%) is still pub-
lished in hard-cover form. The conclusion has therefore
been reached that the microform should be included in
the journal itself in the form of miniprint. This means
that no separate vehicle (such as fiche) is used and that
the material can be read with a good hand lens, available
for a few dollars. The scheme, which has already become
operative on an experimental basis in The Journal of Or-
ganic Chemistry (c/. the Jan 11, 1974 issue, pp 8-10, 12,
18, 19), involves miniprinting the less essential parts of a
paper directly from the author's manuscript at a reduc-
tion of 9:1, i.e.,, nine manuscript pages to one journal
page. Such material is easily readable with a good lens; it
can be read with the naked eye (albeit with some diffi-
culty) by a reader with good vision.

The savings are considerable. There will be hardly any
typesetting costs for photographed minipages (this saving
will be partly passed on to the author who will pay no
page charges) and there will be a saving in printing and
paper for miniprinted pages of some help, since the mate-
rial which fits on one miniprinted page would normally
occupy about 2-4 typeset pages. It will, however, be nec-
essary for authors to revise their writing habits quite ex-
tensively. This point has already been mentioned, but it is
true to an even greater extent in the miniprinted journal
since it is contemplated that more than half of a typical
article, including much of the experimental part, will be
miniprinted. This almost obliges the author to write his
article in two parts, part A which will contain the essen-
tial information (essentially a very long abstract of per-
haps two to four printed pages) and part B (miniprinted)
which will contain all the details (cf. The Journal of Or-
ganic Chemistry, Vol. 35, pp 3591-3646, 1970).

Making journals available with miniprint inserts is not
to do away with microfilm. The microfilm editions of the
journals containing the complete article (both printed and
miniprinted version) will be retained. The miniprinted
part, which, in the hard cover, is reduced at a scale of 9:1,
in the microfilm version will continue to be filmed at one
page to a frame. This means that full-size print-out of
supplemental pages can be made from the microfilm—an
important point since there is, at present, no good way of
getting full-sized replica from miniprinted copy. Thus, in
fact, the miniprinted journal should stimulate, rather
than supplant, the distribution of microfilm to libraries.

One incidental point of concern is that legible miniprint
can be made only from clean and neatly typed authors’
manuscripts. This will no doubt encourage the use of
tape-typewriters in manuscript production, since clean
corrections can readily be made with such typewriters.

The proposed European (“revolutionary”) scheme of in-
formation abbreviation is currently being experimented
with in Chemie-Ingenieur-Techmk. In this scheme it is
contemplated that the only printed version of a paper will
be a synopsis, about one page in length—essentially a
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summary with a few pictures or formulas. This synopsis
will also serve as the abstract of the paper in the abstract
journals, such as Chemical Abstracts. The full paper will
be microfilmed from author’'s copy ar.d will be available
only in the microfilmed version. In the author’s opinion,
this scheme has serious dangers in that it might well de-
stroy what | like to call the “edifying” purpose of the jour-
nal article (others call it “browsing”) and might possibly
kill the whole tenuous process of transmittal of scientific
thought and thereby the progress of science altogether.

The final part of this paper will be dedicated to the
problem of information retrieval. Chemical Abstracts is
probably the world’s most outstanding medium for re-
trieving scientific information but the process has become
increasingly more costly and time-consuming because the
amount of information is so vast. Chemical Abstracts
themselves have been vigorous in adopting new methods
and applying new technology. Their entire indexes (au-
thor, subject, formula, patent, etc.)—and the indexes are,
of course, the key to access to the system—are now pro-
duced by computer, as is about 40% of the text of the ab-
stracts. The responsibility for abstracting and indexing is
being spread to other national groups through agreements
with the Germans and the British, hopefully also with the
French and the Japanese and perhaps some day even with
the Russians. Many abstracts are made from page proof,
before the published paper even appears, thus bringing
CA more up-to-the-minute. But even with all this cooper-
ation and most modern methods of technology total costs
inexorably increase, although the processing cost per ab-
stract has decreased in terms of dollars adjusted for infla-
tion.

An investigator in any field would like to find out, as
quickly as possible, any new developments in his field. It
used to be fashionable to read Chemical Abstracts to this
end, but the task has become too burdensome for most
people. There is now a publication called “Current Con-
tents” which reproduces the tables of contents of a large
number of chemical journals published each month. The
ACS publishes a similar pamphlet, called “ACS Single
Article Announcements,” relating to its own journals with
which comes a service to order reprints of any article list-
ed. But these services are not tailored to individual inter-
ests, they require a total scanning of all titles for items of
concern. More individually tailored services have been de-
veloped for what | call the “alerting” function of the sec-
ondary or abstract services.

One of these is “Chemical Titles.” Chemical Titles
(CT) also prints the tables of contents of the journals it
scans each week, using a so-called “Coden” (letter abbre-
viation) to characterize each journal. Along with this
comes an author index (with cross reference to the tables
of contents) and a so-called “keyword index” in which the
title of each article is printed in numerous different per-
muted ways so that each one of several key words of the
title of the article may come up as the first word. This
index is alphabetical and also has cross reference to the
tables of contents. Thus if one wants to find all papers
with the word “conformation” in the title he needs only to
look under “conformation” to find cross references to all
the pertinent journal articles (identified by Coden and
page number) there.

CT still involves a lot of work in its use and it has the
draw-back of only listing those terms which occur in the
title. Often, important concepts in a scientific paper do
not occur in the title. To remedy these two shortcomings,
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Chemical Abstracts Service in Columbus has created
“Chemical Abstracts Condensates.” This service comes
only in the form of computer tapes and contains, for each
article, not only the full citation, including the title but
also key words selected from both the title and the ab-
stract text.

This computer tape can be played against an “author
profile" of key concepts, author names, etc., and thus a
computer retrieval can be made, in the form of print-out
cards or CRT display, of all articles containing, in the
title or key words, or as authors, the terms prescribed by
the user of the service. There are several computing cen-
ters in the USA that provide this kind of service: for ex-
ample, at IHllinois Institute of Technology, at the Universi-
ty of Georgia, at the University of Pittsburgh, at Indiana
University; there are also a number of such services
abroad. The service is quite cheap, about $200-300 for a
year's subscription. The reason for the low cost is that a
service center can play a CAS Condensate tape against
the profiles of several hundred customers and retrieve the
information they want all at one time. Also, if the profile
is not initially satisfactory, because it does not retrieve all
the desired information, or because it provides too much
information (“false drops”), the profile can readily be
modified from one week to the next.

The situation for retrieving back information is much
less satisfactory. First, Chemical Abstracts Condensate
tapes only go back to July 1968. Second, the cost of
playing a number of condensate tapes against one profile
is infinitely greater than playing one tape against a multi-
plicity of profiles because of the obvious access problem.
Third, an error in the retrospective profile can vitiate the
output and correction of such an error is very expensive.
Finally, whereas a delay of a couple of days in the mails of
alerting information is not serious, retrieval information is
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usually wanted within a few hours, while an experiment is
in progress in the laboratory, and that is unfortunately
not yet possible at the present time.

There exists anotner alerting service, provided by a pri-
vately owned organization in Philadelphia called the In-
stitute for Scientific Information (ISI). ISI has its own ab-
stracting service; it does not abstract as many journals as
CAS but only those ca. 2500 journals it considers most
important for chemistry (actually these journals contain
about 90% of all chemical information). That is a slight
drawback; it also makes the system more parochial. Bu:
there is a trade-off: ISl profiles, in addition to concepts,
authors, organizations, etc., may also have, as input, cita-
tion to a given author’s work or citations to a given article
or book. In this way, all work derivative from an original
paper or from the work of a given man can be retrieved.

In conclusion, it seems evident that problems of infor-
mation storage, dissemination, and retrieval are very seri-
ous indeed. Unless these problems are solved, they may
well choke off the entire progress of science, regardless of
anything else that may happen, by turning science into a
Tower of Babel. However, the author is optimistic that, :f
the information problems are tackled as vigorously as
other problems in science have been, viable solutions will
in due time be found. The Chemical Abstracts Service has
done a very good ob in illuminating the way. but much
more remains to be done, one of the most urgent problems
being that of storing information in such a way as to pro-
duce rapid computer access to a large amount of material.
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Rate constants for some reactions of triplet and singlet methylene have been measured by means of the
flash photolysis of ketene with product analysis by gas chromatography. Rate constants for reactions of
triplet methylene with NO, 02, and C2H2 in helium are 1.6 + 01 x 10'11, 1.5 + 01 x 10-12, and 7.5 *
1.0 x 10' 22 cm3 molecule' 1 sec-1, respectively, over the pressure range of at least 50-700 Torr. The rate
constant of triplet CH2 with CO in 700 Torr of helium was <1.0 x 10-15 cm3 molecule' 1 sec-1. Rate
constants for reaction of singlet CH2 with NO, O2, CO, and CH2CO were <4 x 10-11, <3 X 10'11, <9 X
10'12, and 3.2 + 1.2 x 10 11 cm3 molecule-1 sec-1, respectively. The triplet CH2 reactions were mea-
sured relative to 3CH2 + 3CH2 *» C2H2 + (H2or 2H). The rate constants for singlet CH2 were relative to

iCHT + He >3CH2T He.

Introduction

The reactions of the methylene species have received
increasing attention during the past few years after the
spate of reviewsl about a decade ago. Following the de-
scriptive results obtained earlier, recent work has been di-
rected toward quantitative studies including the energet-
ics of both singlet and triplet methylene as well as the dif-
ferences in reactivity between these species. Rate con-
stants for quenching of 1CH2 to 3CH22 and for reaction
with several organic compounds have been measured.3®
Bell3b has deduced a whole series of rate constants of sin-
glet methylene, and rates of hydrogen abstraction by
3CH2 have been predicted based upon a BEBO calcula-
tion4

Interpretation of reaction mechanisms involving methy-
lene has been complicated by the lack of quantitative in-
formation on the relative amounts of singlet and triplet
species present during the reaction. Efforts have been
made to scavenge either the singlet or triplet and examine
the product distribution resulting from the reaction of the
remaining moiety. Two reagents, CO and O2, have been
extensively used to remove 3CH2 from reaction mixtures.
Quantitative rate data are not available for these reac-
tions although recent evidence5 suggests the collision effi-
ciency of CO with 3CH2 to be <10 5, which disagrees
with earlier evidence for a rapid reaction.6 Further, the
reaction has been found to be pressure dependent, and at
low pressures (<50 Torr) excess CO does not completely
eliminate 3CH2reactions.7

The scavenging ability of O2 with respect to 3CH2, ini-
tially observed about 20 years ago.8 has been widely uti-
lized to examine the chemistry of 1CH2. Reaction of 3CH2
with O2 is estimated to be much more rapid than it is
with CO. In fact, the collision efficiency of 02 toward
3CH2 is about 104 times greater than with CO. suggesting
an overall collision efficiency of about 1in 10. NO, though
not used extensively to suppress reactions of 3CH2. has
been utilized in CH2 containing systems to eliminate
complicating alkyl radical reactions.9 The effect of NO
upon the chemistry of CH2 systems has not been exam-
ined systematically.

Flash photolysis of ketene has been shown to be an ex-
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cellent source of CFQ.3® Addition of inert gas to the sys-
tem produces only 3CH2 which reacts to produce C2H2
and trace quantities of methylacetylene and allene.3®
These products are all amenable to analysis by gas chro-
matography. Addition of a chemical species which can
react with 3CH2 reduces the yield of hydrocarbon prod-
ucts. The reduction in products due to the reaction of
3CH2 with the additive leads to a value for the rate con-
stant of this reaction provided the rate constant of the
competing reaction (the combination of methylene) is
known.

In this study we have examined the CH2 system and
have obtained rate constants for the reaction of 3CH2 with
NO. 02. CO, and C2H2. In addition we have been able to
deduce several rate constants for the reactions of 1CFI2.

Experimental Section

The vacuum-ultraviolet flash photolysis and gas chro-
matographic analysis system has been previously de-
scribed in detail.10 Very briefly, the flash apparatus con-
sists of a quartz reaction vessel placed inside a 3000-J
flash chamber. The photoflash, produced by a pulsed dis-
charge through N2, had a 1l/e decay time of about 5 psec.
Following the Hash, samples for chromatographic analysis
were rapidly withdrawn from the center of the reaction
vessel through a sampling valve, and injected into the
chromatograph. The products, CH4, C2H2, methylacetyl-
ene, and allene, were separated on a 7-m, 6-mm o.d.
stainless steel column packed with 30% (w/w) squalane on
Chromosorb P. Results of a “typical” run are shown in
Figure la. The final large peak is due to cyclopropane
which was added to the original mixture as an internal
standard. At the concentrations used, the cyclopropane
was inert as evidenced by the same product distribution
with and without its presence.

Ketene, whose preparation and purification have been
reported.11 was utilized as the source cf methylene. O2
and CO were obtained commericallv and mixed with ul-
trapure He at high pressure. Samples of "he mixture were
metered into the reaction vessel at pressures of several
mTorr. NO was also commercially obtained and purified
by repeated degassing and subsequent storage over silica
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Figure 1. Chromatographic analysis of a "typical” run: (a) initial
conditions 40 mTorr of CH2CO, 700 Torr of He, and 1.5 mTorr
of cyclopropane. The peaks are due to CH4, C2H2, methylacetyl-
ene, allene, and cyclopropane, respectively, (b) A plus 50
mTorr of NO. (c) A plus 100 mTorr of NO. (d) A plus 150 mTorr
of NO.

gel. Samples of NO were obtained by condensing initially
at —196° and collection of the initial fraction upon warm-
ing. The NO was diluted with ultrapure helium so that
samples in the mTorr range could be placed in the reac-
tion vessel.

In a typical series of runs, several mTorr of ketene,
mixed with helium, was admitted to the reaction vessel
which was then pressurized with ultrapure helium. The
procedure for mixing samples has been described.10 After
the appropriate mixing time, the sample mixture was
flash photolyzed and a 5-cm3 sample withdrawn and in-
jected into the chromatograph. The procedure was repeat-
ed several times, with a new sample mixture time, to as-
certain accurately the initial product distribution. Suc-
ceeding experiments were performed in the same manner
except that NO, 02, or CO were added in known quan-
tities prior to flashing. “Raw” data are shown, as a func-
tion of increasing additive, in Figures Ib, Ic, and Id.

Results

As previously mentioned, the rate constants were ob-
tained from the observed decrease in the yield of C2H2
with increasing additive. It was very important, therefore,
to determine the linearity of the vpc response to C2H2. At
concentrations required for our analyses, the response of
the flame detector was not, in fact, linear with sample
pressure; presumably due to loss of C2H2 on the column
material. The instrument was calibrated in the pressure
region of typical yields of product which were from 0.06 to
1.8 mTorr (1.9 X 1012-5.8 X 1013 molecules cm-3). The
true acetylene yields were then obtained from the calibra-
tion curve.

In the absence of additive the products of the flash pho-
tolysis of ketene were predominantly acetylene, methylac-
etylene, and allene. The latter products arise from the
reaction of 3CH2 + C2H2 as evidenced by the rapid disap-
pearance of the substituted acetylene with even very
small pressures of additive. The total yield of 3CH2 was
determined from

®CH = 2[CH] + 3[C3HJI

where C3H4 is the sum of the methylacetylene and allene.
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TABLE I: Summary of Rate Constants of Methylene

. Rate constant,

Reaction cm3 molecule-1 sec-1
XH2+ CH, —ch, 7.5 + 1.0 X 10-12
LCH» + NO — products 16 +0.1 X 10
CJf. + 02— products 1.5 0.1 X 10-12
'CH. + CO —»products <1.0 X 10-15
'CHi + CH2C0O — CH4+ CO 3.2 £+ 1.2 X 10
‘CH2 + NO —»products <4 X 10-"
'CH. + 02-»- products <3 X 10-
‘CH. + CO —»product <9 X 10-12

Ethylene was detected with a yield which increased
with a decrease in pressure of inert gas. We assume that
the CH2 produced, as a result of the photodissociation, is
in a singlet state (see Discussion). Since the quenching of
1CH2 to CH2 by He (the pressurizing gas) has a rate con-
stant of 3 x 10-13 cm3 molecule-1 see-1,38 the absence of
3CH2 is assured at high helium pressures. The absence of
C2H4 at high pressure is further indication that the reac-
tion

CH + (ll co CIf, + CO @

is indeed quite slow, in agreement with Lee, et al,,12 who
obtained a value for fej g; 10-17 cm3 molecule-1 sec-1. At
lower helium pressures, 1CH2 is not deactivated and can
react with ketene to produce C2H4, via

=CH + CHCO —®CH, + CO @)

It was initially required to determine the rate constant
for

CH, + CH, —» C,Ha ©)

since it constituted an important sink for 3CH2. In the ab-
sence of products other than C2H2 and the two C3H4 iso-
mers, a rate constant for reaction 3 was calculated using a
rate constant for the combination of two 3CH2 radicals of
5.3 X 10-11 cm3molecule -1 sec-1.

CH, + (H, or 2H) 4

The desired rate constant was obtained from a determina-
tion of the product yields. The model included, initially,
reactions 3 and 4 for which the time-dependent equations
are

CH, + CH2 =

d(CH,)/dt = -2Az4CH,)2 - MCIll hCH) (A)
d(CH,)/dt - /i, (CH,)2 . «,(CHOXCH,) (B)
d(C3H4)/dt = [;3<CH,)(CoH,) ©)

The wusual steady-state assumption is invalid in the

flashed system and, therefore, the unknown rate constant,

k3, was calculated by obtaining a numerical solution to eq

A, B, and C utilizing the Runge-Kutta method. The step

size in the calculation was 10-6 sec. The calculated value

for k3 is tied to the observed final product yields of C2H2
and C3H4. Since C2H4 is not a product at high inert gas

pressure, the reaction of 3CH2 with CH2CO (reaction 1)

was not included in the calculation. The result was k3 =

75 £ 10 x 10 12 cm3 molecule-1 sec-1. The value of k3
was found to be independent of added helium from 20 to

700 Torr and was used in all subsequent calculations. At
lower pressures, particularly at 20 Torr, the increase in
C2H4 associated with reaction 2 did not affect the calcula-
tion since we were only interested in the fate of the 3CH2
species. Limits have not been placed upon k3 but will be

discussed separately later.
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The addition of NO as a scavenger requires the addition
of reaction 5 to reactions 1 3. and 4 to complete the
mechanism.

CH, + NO — [CH_NO] ®)

We were not able to isolate the addition product of (5) but
simply observed a decrease in the products of reactions 3
and 4 which were attributed to (5). Based upon such a
mechanism, a calculated bimolecular rate constant for (5)
expressed as the unweighted average of 19 determinations
was kb = 1.6 + 0.1 x 10 11 cm3 molecule-1 sec-1. In this
as well as the remainder of the rate constants, the error is
the statistical deviation of the mean itself. The value for
k5 was independent of both the helium pressure from 20
to 700 Torr and of NO over the pressure range of 7.7 to
150 mTorr. The initial CH2 concentration was varied from
~ 13to9.5mTorr.

Initial studies using O2 as a scavenger for 3CH2 indicat-
ed that greater quantities of O2 than NO were needed to
remove similar amounts of C2H2. Therefore, all the exper-
iments involving O2 were performed at higher concentra-
tions, in the range from 25 to 202 mTorr of additive. The
rate constant, expressed as an average of 27 determina-
tions, was also independent of helium pressure from 50 to
700 Torr. and was found to be 1.5 £+ 0.1 x 10-12 cm3 mol-
ecule-1sec 1

Efforts were made to reduce the C2H2 yield by adding
CO. a reported excellent scavenger for 3CH2.13 At the
highest pressures of helium used in this study. 700 Torr.
the effect of added CO at pressures as high as 1 Torr re-
sulted in only a very slight reduction of C2H2. The combi-
nation of 3CH2 to yield C2H2 proceeded virtually unham-
pered at all CO pressures from 50 to 400 mTorr. The rate
constant we determined can only be expressed as a limit-
ing value based on the observable reduction in C2H2. The
rate constant so determined is <1.0 x 10-15 cm3 mole-
cule 1sec T The large concentrations of CO required to
reduce the observed C2H2 may cause complications which
are not readily discernable, e.g . possible physical quench-
ing of 1CH2 -+ 3CH2 resulting in increased C2H2 rela-
tive to the initial value, and further work on this system
was not performed.

Reactions of 'CH2

As previously mentioned, the yield of C2H4 was found
to vary with total pressure. It has been suggested that the
formation of C2H4 is due to reaction 2, which involves sin-
glet CH2. To examine this hypothesis, we added up to 100
mTorr of NO to a mixture of ketene and helium at a total
pressure of 20 and 50 Torr and examined the yields of
both C2H4 and C2H2. The presence of NO decreases the
C2H2 to about 4% of its initial value while the C2H4 re-
mains virtually unchanged suggesting different precursors.
In the determination of the rate constants of reactions of
*0112 with ketene, it was assumed that small quantities of
additive do not affect the quenching of 1CH2 to 3CH2. In
the same way as we determined rate constants of 3CH2 we
can obtain values for rate constants of 1CH2 with respect
to the deactivation of 1CH2 by He. Based upon eight de-
terminations, k for reaction 2 was determined to be 3.2 +
1.2 x 10-11 cc molecule-1 sec-1 or about one in every ten
collisions. The time scale of this reaction was much short-
er than for the reactions of 3CH2. In fact, with respect to
the jCH2 chemistry, the reaction was essentially complete
in 800 nsec necessitating a much smaller step size in the
Runge-Kutta calculation than used in calculation of trip-
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let rate constants. Further, since our flash duration is the
order of 5 gsec. the reaction was complete during the flash
itself which would lead to a large error.

We assumed, for calculation purposes, the instanta-
neous photolysis of substrate to produce the primary frag-
ment, in this case, 1CH2. We then calculated the removal
of 1CH2 by all of the known reaction paths. Since the
flash is of finite duration, the model is not realistic. Alter-
natively, we may determine experimentally the decay in the
flash intensity and assume that the total CH2 is generated
during the complete lifetime of the flash. If we divide the
flash lifetime into equal time periods, 10 nsec, for exam-
ple, then the fraction of the total CH2 produced in each
time interval is equal to the fraction of the total area
under the curve for the corresponding time interval. We
can now “feed” into the reaction mixuture the CH2 pro-
duced as a function of time while the CH2 produced ear-
lier during the flash has already partially reacted. The re-
sults of these calculations indicate that, although the
reaction was complete during the flash, the rate constant
did not require any correction and the product distribu-
tion remained the same as before.

With the rate constant for (2) determined, we were able
to obtain limiting values for the reaction of 1CH2 with
several inorganic additives.

‘I, + X —- [CH,X] (6)

where X = NO, CO, or O2. Where X = NO, the upper
limit for k6 is 4 x 10 11 cc molecule-1 sec-1. Similarly,
where X = CO, k6 < 9 x 10-12 cc molecule-1 sec-1. In
the case of O2 as the reactant in eq 6, k6 < 3 x 10-11 cc
molecule 1 sec-1. The rate constants can only be ex-
pressed as upper limits since we could not determine the
effect of either NO, CO, or O2 on the efficiency of the in-
tersystem crossing of 1CH2 — 3CH2. The decrease in
C2H4, which is the observed process, is the sum of at least
two processes: i.e.. reaction with CH2 and quenching of
iCHz.

Discussion

Methylene radicals were generated from the photolysis
of ketene in the wavelength region from 180 (the cutoff of
the quartz cell) to 360 nm which is the long wavelength
edge of the ketene absorption. The major fraction of the
photolysis took place between 180 and 190 nm where the
ketene absorption is quite large,3a whi.e at longer wave-
lengths the absorption is significantly weaker. At the
energies utilized for the decomposition, the primary pro-
cess results predominantly in production of singlet CH2. It
is known that photolysis of CH2CO in the region of 270-
290 nm produces almost exclusively the 'CH2 14 and since
higher lying states of the CH2CO molecule are singlets,15
conservation of spin would suggest production of 1CH2
rather than 3CH2. Further, reaction of 1CH2 with H2 to
produce CH3 is relatively rapid (k < 15 x 10-12 cm3
molecule-1 sec-1)3® while 3CH2 + H2 is quite slow (5 X
10 14 cm3 molecule 1sec-1).3a In the presence of H2, the
CH2 produced in the flash is completely converted to
CH3.10 The absence of C2H2 strongly suggests the absence
of 3CH2 as a product of the primary photolysis. In these
experiments, we are unable to distinguish between the
two possible singlet states of CH2(alAlor 01Bi).

The reaction of 3CH2 with C2H2 produces methylacetyl-
ene and allene in a ratio of about 1:2. The rate constant
derived in this work clearly represents the sum of the rate
constants of the two reactions. Since C2H2 is. itself, a
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product of the photolysis fragments, the formation of
C3H4 does not become significant until later times when
the rate of combination of 3CH2 is reduced and the only
fate of 3CH2 can be reaction with C2H2 since reaction
with ketene is very slow. The postulated intermediate of
reaction 3, which should possess triplet character to con-
serve spin, may result in either H2C==C=CH2 or H3C-
ONCH depending on the shift of the labile hydrogen atom
to either adjacent carbon atom. The reaction of methylene
with acetylene has been examined and, in a matrix where
3CH2 clearly predominates, allene was found to be the
major product.163 In a gas-phase study,166 the methyla-
cetylene:allene ratio was 1.5, independent of total pres-
sure and added 02 or NO. Since inert gas was not used
the results indicate the importance of singlet methylene
even though some contribution of 3CH2 cannot be totally
eliminated. The present work does not provide insight
into the mechanism of the reaction and speculation is not
warranted. In view of the rapid rate constant determined
for reaction 3 we suggest that C2H2 would be useful as a
“scavenger” of 3CH2in mixed singlet-triplet systems.

The suppression of 3CH2 reactions by added CO, origi-
nally suggested by DeGraff and Kistiakowsky,13 has been
confirmed recently.5 The latter results, however, indicated
that the collision efficiency of CO toward 3CH2 was sur-
prisingly low in comparison to the presumption of high re-
activity of 3CH2 toward CO.6 Our results are in agreement
with those of Montague and Rowland5 who estimated a
collision efficiency of <10 5 for reaction of 3CH2 + CO.
Although our rate constant is also expressed as a limiting
value, <1.0 x 10 15cm3 molecule-1 sec-1, its magnitude
is quite comparable with the low overall efficiency pre-
viously reported. Within the inherent limitations of our
value for reaction of 3CH2 with CO, the ratio of the reac-
tivities of O2 relative to CO with respect to 3CH2 is >103,
not inconsistent with previous estimates of 104.5 Compli-
cations in the CH2-O2 system caused by reaction to pro-
duce CO8®17

('l + Oj —* products (CO, CO., and HO @)

among other products, is of minor influence on the rate
constant determination since reaction of 3CH2 with CO is
so slow.

The reaction of 3CH2 with NO is 10 times more effec-
tive than with 02 and is, by far, the best “scavenger” for
radicals studied. The experimental conditions were such
that the initial ratio of NO/CH2 was >5 in all cases. As
the reaction progresses, following the flash, the effective
ratio increases drastically as the CH2 is removed by more
than one path. Now, even if the reaction between CH2
and NO were to produce an intermediate, which in princi-
ple could also react with CH2 and remove C2H2, the con-
centration of the unknown species would be small relative
to the NO. Nevertheless, if we assume that 3CH2 reacts
with the intermediate with the same k as with NO. then
the largest error is caused in those runs where NO/CH2 is
small, i.e.. afactor of 5. In this situation

CH, + NO—- A + B ®

the error caused by reaction with both A and B would re-
sult in a calculated rate constant which is 40% higher
than the “true” value. Since, however, the calculated
value of K% is independent of NO pressure, probability of
reaction of CH2<32) with products (such as A and B) is
remote.

There are no numbers in the literature with which to
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compare our value but it is noteworthy that C20, in its
(X32) state, reacts with NO about 135 times more rapidly
than with O2 18 In both situations, C20 and CH2 reaction
with NO, an adequate mechanism for the reaction has not
been reported. In the absence of a dose examination for
intermediates or prcducts. speculation as to a mechanistic
interpretation of the CH2-NO reaction would not be pro-
ductive.

Reactions of I'He

The ratio we obtain for k6/k2 = 0.28 is only in fair
agreement with earlier values of 0.1416 and 0.105 for the
comparable reactions. The differences lie in our method
for determining k6. It has been indicated that stabiliza-
tion of the complex formed by reaction of 1ICH2with CO

CCH,0* ©)

is not complete at the pressures used in our study and, in
fact, only 50% is stabilized at pressures of 840 Torr or
higher.5 If the decomposition of CCH20* results in 1CH2,
the competition between quenching of the singlet by He
to produce triplet CH2 vs. further reaction with ketene fa-
vors production of 3CH2. In this case we would observe a
decrease in C2H4 yield attributable to (6) thereby suggest-
ing a higher value for the rate constant.

In the low-intensity, steady-state photolysis of ketene,
addition of 02 and CO may remove 3CH2. With this tech-
nique and making the same assumptions which we have,
i.e., that (1) all the C2H4 observed is the result of reaction
2 and that (2) reduction in the yield of C2H4 is caused by
added inert gases such as He resulting in quenching of
iCHatoSCHz

‘CH, + CO —

*CH + M —* CHHM) (10)

Cox and Preston19 obtained a ratio of kio/k2 = 0.018
where M = He. Based on kio = 3.0 £+ 0.7 x 10-13 cm3
molecule-1 sec-13® and our value for k2 = 3.2 + 12 x
10-11 cm3 molecule-1 sec-1, the ratio derived from the
flash photolysis work is again in agreement, within the ex-
pressed error limits with the low-intensity data.

As previously mentioned, the error limits quoted are the
standard deviations of the mean which reflect mainly the
uncertainty in the gas chromatographic analysis; other ex-
perimental errors are probably small. An error in the
value of the “reference" rate constant3® will affect our
values linearly as will an error in the determination of the
CH2 yield. The latter may be caused by reactions of CH2
which result in a nondetected high molecular weight prod-
uct.
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Photolysis of Diazo-n-propane. A Route for the Photochemical Activation of Propylene

Juan M. Figuera,* Ernesto Fernandez, and Maria J. Avila
Irtitiock QintaFs@’ Reeday” Siran 119 Midide San (Revadinay2 199)
R Hicationaosts assistecyGrego S iarck Inestigpiares Gartifics

Diazo-n-propane and diazo-n-propane-7-14C have been photolized in gas phase with Pyrex glass as a fil-
ter. A reaction mechanism is proposed that explains the product distribution and hs pressure depen-
dence. Vibrationally excited propylene is formed as an intermediate. The experimental rate constant for

the predominant decomposition path (C-C scission) of propylene has been evaluated, kv

= 0.23 X 108

sec-1 (20 mm pressure). RRKM calculations performed allowing a gaussian distribution of propylene in-
ternal energy gave 99 + 6 kcal mol-1 as more probable internal energy in propylene. This figure corre-
sponds to 68 + 10% of the total energy available for partitioning being carried by the carbene moiety as
internal energy. ART theory was used to calculate the rate constant for the combination of methyl and
vinyl, &ook = 4.62-15.5 X 107 M -1 sec-1 (t.e., the reverse process of the unimolecular propylene decom-

position).

Introduction

The chemistry of carbenes has received considerable at-
tention in recent years.1 However, the reactivity of alkyl-
carbenes in gas phase is not completely understood. The
initial purpose of this work was to study the ethylcarbene.

Several methods are available2-4 for generating car-
benes. We have chosen the long wavelength photolysis of
diazo-n-propane for the following reasons. It is expected
that the carbene is formed in its first singlet state, free of
appreciable amounts of the triplet ground state.58
Herzberg5 showed that in the photolysis of diazomethane
singlet methylene is initially formed and then, decay to
the triplet species can be collisionally induced. In ethyl-
carbene, the intramolecular insertion of the divalent car-
bon provides an alternative escape for the molecule, that
can avoid the crossing to the triplet surface if the reaction
is fast enough, as MO calculations indicate.9 On the other
hand, the carbene should be formed smoothly in one step
(i.e., in a concerted mode), as the transition that corre-
sponds to the long wavelength absortion of diazoalkanes
raises the molecule to a dissociative state (antibonding
between carbon and nitrogen) .10

In this work, we have tried to accumulate enough evi-
dence to sketch the mechanism of the reaction of ethyl-
carbene in gas phase, Carbon-14 labeling was used to con-
firm some details of the proposed mechanism.

Once the mechanism was outlined, it was clear that the
photolysis of diazo-n-propane afforded a simple and con-
venient way for the activation of propylene. The unimo-
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lecular decomposition of this species was subsequently
studied by RRKM11 techniques that afforded data on the
reverse reaction via ART12 and also about the partition of
energy between the fragments produced in the photolysis.

Experimental Section

Diazo-n-propane. Diazo-n-propane was prepared from
n-propylamine and pulegone by the method of Adamson
and Kenner.13 The diazopropane formed in the reaction
was passed successively through a reflux condenser, an
ice-cooled spiral trap, and a U-tube packed with KOH
pellets and was finally collected in a trap cooled with a
slush of Dry Ice and acetone. The product was further pu-
rified by distillation in a grease-free vacuum line.

The ir spectrum of diazo-n-propane ir. gas phase at 20
mm was recorded with a Perkin-Elmer, Model E-125,
spectrophotometer. The spectrum showed a very strong
band at 2050 cm -1, characteristic of the diazo group, and
no significant bands between 1300 and 400 cm-1.

Diazo-n-propane- 1-14C. Diazo-n-propane-7-14C was pre-
pared in the previously described mode from n-propylam-
ine-/-14C. The amine was synthesized from propionic-7-
14C acid (The Radiochemical Centre, Amershan, England;
0.5 mCi, 35 mCi/mAi) through the preparation of the
amide and its reduction with titrated solutions of
HA4LiAl14 using standard techniques. The amine was iso-
lated as the corresponding chlorhydrate. saturating the
ether solution previously obtained with gaseous HC1.15

Photolysis. Photolyses were carried out at room temper-
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ature in cylindrical Pyrex vessels of about 350 ml provided
with a water-cooled jacket. The surface-to-volume ratio
was about 1 cm2/ml. The light source was a Hannovia
Model 679A36 mercury lamp.

The initial pressure of diazo-n-propane in the vessels
ranged from 1 to 84 mm. Experiments with diazo-n-pro-
pane-/-14C were performed at 6, 10. and 20 mm of initial
diazocompound pressure. Another series of photolyses
were performed on mixtures of diazo-n-propane-7-14C and
propylene in the ratio 1:1 at total initial pressures of 6, 10,
and 20 mm. Experiments were performed until complete
decomposition, checked by disappearance of the 2050-
cm_1 band in the ir spectrum of the irradiated mixture. A
grease-free vacuum line was used throughout.

Analysis. Analysis was by gas chromatography. A HP
Model 5750 gas chromatograph with hot-wire detector was
used. The analogical signal of the detector was digitalized
with a V to F converter (HP Model 2712A), and its output
pulse train fed into an electronic counter (Nuclear Chica-
go Model 8735).

Through simple calculations the area of the peaks was
computed in arbitrary units. In some of the analysis a
Perkin-Elmer fractometer 116-E was used; in this case in-
tegration of peaks was carried out with a Perkin-Elmer
Model D26 integrator. Helium was the flow gas in all
cases, except in the analysis of hydrogen where argon was
used.

The columns used for the various products along with
the conditions were as follows: a 3.1 m X 0.4 cm column
of 30-40 mesh active carbon for hydrogen (51°); a 7.5 m X
0.64 cm column of 60-80 mesh silica gel for hydrocarbons
up to 1-butene (programmed temperature); a 8 m X 0.64
cm column of 20% /3,d"-oxidipropionitrile on 60-80 mesh
Chromosorb P (room temperature) for higher hydrocar-
bons: a 12 m x 0.64 cm column of 25% dimethylsulfolane
for hydrocarbons (0°). Several other columns were occa-
sionally used.

Products were identified by comparison of their reten-
tion times with those of authentic samples in at least two
different columns. Besides, acetylene and cyclopropane
were collected at the gas-chromatograph outlet and iden-
tified by their gas-phase ir spectra.

The inlet system to the chromatograph employed a
multi-way gas-sampling valve, to which a glass trap could
be connected. The trap was filled in the vacuum line with
a known fraction of the mixture to be analyzed and then
connected to the inlet system. Grease-free joints were
used throughout. In most cases only products condensable
at 77 K were analyzed, but in a few the whole photolysis
mixture was analyzed.

Calibration factors were determined by analysis of mea-
sured amounts of pure compounds.

Radioactivity Measurements. Radiogas chromatography
was used. A Berthold proportional counter of 80 ml was
coupled to the gas chromatograph. Methane was added to
the carrier, in the ratio 1:2, to form the counting gas. The
associated electronics was from Nuclear Chicago. A single
channel analyzer was used to improve the signal-to-noise
ratio. The system integrated and printed the counting
rate every 10 sec. These data coupled to the chromato-
graphic data gave after some manipulation the relative
specific activity of the hydrocarbons.

The products were carried directly inside the counter
(i.e., no combustion or cracking was effected); therefore,
their presence inside the counter chamber may slightly
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TABLE I: Molar Activity of the Main Products of
Diazo-n-propane-J-1C, Photolyzed Pure and

Mixed with Propylene
Diazo-n-
1-c ivi
initial Propylene Molar activitys
pressure, initial 15
mm pressure, m  Ethylene 1-Butere Hexadiene
6 No 1.06 1.10 2.11
10 No 1.07 1.17 1.9
20 No 1.10 1.14 1.94
3 3 1.03 0.84 1.54
5 5 0.88 0.73 1.3
10 10 0.92 0.83 1.36

* See Exerimental Section. 6The nmolar activity of the products is referred
to the activity of propylene found in each experiment; the initialy added
propylene has been discounted in the calculation in order to obtain consistent

figures. The resullts represent averages of at least three independent rurs.
Ethane showed no traces of activity.

alter its efficiency. Although the deviations observed are
small (see Table 1), strictly only activities within one
product can be compared.

Results

Experiments with Unlabeled Diazo-n-propane. The
yield of the different hydrocarbons formed in the gas-
phase photolysis of diazo-n-propane has been plotted
against initial pressure in Figures 1-3.16 The yields are
expressed as mole per cent of the initial diazo compound.

Propylene is the main reaction product. Ethylene. 1-
butene, ethane. 1.5-hexadiene. and cyclopropane are
formed in amounts exceeding 1%, at least in some experi-
ments. The rest of the identified products, hydrogen,
methane, propane, acetylene. 1l-pentene. and 2.3-dimeth-
ylbutane, are formed in yields smaller than 1%. The data
for these products are only of semiquantitative accuracy.
2,3-Dimethylbutane and hydrogen were not systematically
analyzed and their results have not been plotted.

In the following equations we have labeled with an as-
terisk the position where the carbon-14 would be if the ex-
periments were run with a labeled diazo compound, but
only in the equations relevant to the subsequent discussion.
In molecules with geometrically equivalent positions, the
position of the label has been arbitrarily assigned to one of
them.

Initial Step. We assume (see Introduction) that the pri-
mary photochemical process is the formation of ethylcar-
bene in its first singlet state

CH)CH,*CHN, CH,CH2:CHfj + N, [h)

We wish to show that the molecular fragmentation, nec-
essary to explain the final product distribution, is best ex-
plained as taking place from excited propylene and not
from the carbene, as might have been thought.

First, compare our results with those obtained by Frey.
et al.. for the photolysis of 3,3'-dimethyldiazirine.4c In
that work, the carbene presumably formed was the 1,1'-
dimethylcarbene. This carbene has no C-H bonds in the y
position and, therefore, it cannot give cyclopropane by in-
tramolecular insertion of the divalent carbon.10 For both
systems the product distribution and pressure effects are
similar. This similarity is easily understood if both reac-
tions occur, at least partially, through a common interme-
diate, the vibrationally excited propylene

CHXHTHti — - [CHiCH= CHJ* @
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Figure 1. Photolysis of diazo-n-propane. Plot of propylene and
cyclopropane yields as a function of collision rate and diazo-n-
propane initial pressure: X, experiments with pure diazo-n-pro-
pane; O, experiments with dlazo-n-propane-7-14C; A, experi-
ments with dlazo-n-propane-7-14C diluted with propylene (the
added propylene has been substracted In the plot.

On the other hand, INDO and MINDO/2 calculations of
the coordinate of the reaction methylcarbene -~ ethylene
show practically no barrier of energy for the conversion
through the singlet surface.s Preliminary calculationsso for
the reaction ethylcarbene-propylene show a similar lack
of barrier. Therefore, a rate for this reaction higher than
the collision rate can be expected. The only reaction that
may compete with this hydrogen migration is the 7 inser-
tion. but its participation seems to be minor (see below).
Involvement of excited propylene seems to be the most
reasonable alternative.

Vibrationally Excited Species, (a) Cyclopropane. The
yield of cyclopropane from diazo-n-propane in the high-
pressure region is more than three times the amount ob-
tained from 3,3'-dimethyldiazirine. Furthermore, in this
work the yield of this product increased with increasing
pressure (see Figure 1), while the opposite behavior was
found in Frey's work. These effects are rationalized in eq
3, where w represents the rate of deactivating collisions,
and other reactions of

CH, [CH;CH=CH,
CH,CH,CHf] ©)

excited cyclopropane have been neglected.

(b) Propylene. The pressure effect on propylene yield is
also characteristic of a vibrationally excited species. With
increasing pressure only the yield of propylene (and of the
small amount of cyclopropane present) increases, while
the opposite behavior is found in the other products (see
Figures 1-3). This result suggests that these other prod-
ucts are formed from propylene by fragmentation and
subsequent reaction of the fragments. Equations 4-6 cor-
respond to the decomposition processes of propylene that
are thermochemically more favored. Equation 7 corre-
sponds to the collisional deactivation.

«CH, + BCH=CH. )
«H + CH,CH=CH, ®)

i! - 2
Cit CH—CH CHj + CH= CH (6)
CHICH=CH, o)
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Figure 2. Photolysis of diazo-n-propane. Plot of ethane, ethyl-
ene, and 1-butene yields as a function of diazo-n-propane initial
pressure; X, experiments with pure diazo-n-propane; O, experi-
ments with diazo-n-propane-7-14C, A, experiments with diazo-
n-propane-?-1* diluted with propylene.

PRESSURE/mmHg

Figure 3. Photolysis of diazo-n-propane. Plot of 1,5-hexadiene
(pure diazo-n-propane 0O, diazo-n-propane-7-14C m. diazo-n-
propane-/-14C diluted with propylene A). 4-methyl-1-pentene A,
propane X, and 1l-pentene O against collision rate and pres-
sure.

Only trace amounts of acetylene have been found and,
therefore, the reaction represented by eq s can be ruled
out. Equation 4 represents the path that accounts for
most of the fragmentation products (see below), the rest
being explained by reaction 5.

Radical Reactions. The reaction scheme is shown in
Chart I.

(a) Atomic Hydropen. Molecular hydrogen can be pro-
duced by abstraction, eq s. The hydrogen donor is, most
likely, propylene. Then, eq s is an additional source of
allyl; although a minor one as the amount of hydrogen
found is small.

Addition to propylene should give predominantly iso-
propyl, the product of terminal addition.17 eq 9.

The preferred decomposition pathway of this chemically
activated isopropyl radical is the C-H splitting that gives
back the reactants. The products of the collisionally deac-
tivated isopropyl that can be expected under the experi-
mental conditions used are those formed by disproportion-
ation (eq 10). recombination (eq 11), combination with
methyl (eq 12), with allyl (eq 13) and with vinyl (eq 14).

We have identified (see Figure 3) 4-methyl-I-pentene,
the product of eq 13, although this product can be formed
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Chart |
H+R (%)
m[A]* c)
AN 0%)
h. y 00
IV -G8 A Oa> =CH—
NAY )
- X 0«)
AV o-

by a different pathway (see below). We failed to identify
isobutane, due probably to analytical difficulties (peak
overlapping), and 3-methyl-l-butene. This last product is
probably formed in amounts undetectable by our analytical
technique. It will be shown that most of the vinyl reacts
by abstraction.

We have identified 2,3-dimethylbutane and propane.
However, the amount of propane is larger than that pre-
dicted by the accepted value of ka/k r = 0.64,18 indicating
the presence of another source of propane.

We may conclude from the small proportion of products
that can be ascribed to reactions of atomic hydrogen that
C-H scission is a minor fragmentation of the vibrationally
excited propylene.

(b) Vinyl Radical. Abstraction, eq 15, is the main vinyl
reaction. In Figure 4 the ratio vinyl/methyl (see eq 26 and
27) has been plotted against initial diazo-n-propane pres-
sure. Only eq 15 has been used to compute the total vinyl
formed. The ratio is close to the expected value of one,
derived from eq 4. The ratio ethylene/allyl is also close to
one (see Figure 4). This result is to be expected if eq 15 is
the main source of allyl.

Addition of vinyl to propylene may give another radical
(nonterminal addition being neglected), eq 16. This radi-
cal may undergo several reactions. We found only 1-pen-
tene and 4-methyl-l-pentene (see Figure 3). The first
could be formed by disproportionation, eq 17, and the sec-
ond by combination with methyl, eq 18. The last is also
formed by eq 13.

We looked for butadiene, the product of recombination,
eq 19. We did not find any, and eq 19 can be ruled out.

(©) methyl and Anyi. Ethane, 1-butene, and 1,5-hexa-
diene are explained by combination reactions, eq 20, 21,
and 23. These products, together with ethylene, account
for more than 90% of the fragmentation products (i.e.. ex-
cluding propylene and cyclopropane). Methane, which is
formed in small amounts (i.e.. less than 1%) can be
formed by combination with hydrogen, or by abstraction,
eq22.

We have obtained a value of 1.57 + 0.18. pressure inde-
pendent. for the ratio of cross combination to recombina-
tion, fe2l/(*20*23)1,2-

We have performed a careful search for aliéné, which
may be formed by disproportionation of allyl, eq 24. No
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Figure 4. Plot of vinyl/methyl (experiments with pure diazo-n-
propane X, experiments with diazo-n-propane-7-'4C O, experi-
ments with diazo-n-propane-7-14C diluted with propylene O)
and of ethylene/allyl (pure diazo-n-propane 0O, diazo-n-pro-
pane-7-14C A, diazo-n-propane-7-14C diluted with propylene A)
against collision rate and initial pressure. The horizontal line
corresponds to the expected value. Allyl = 1-butene + 2(1.5-
hexadiene).

trace of this product could be found. This evidence sets a
higher limit of 0.01 (evaluating roughly our detection lim-
its) for the ratio of disproportionation to combination of
allyl radical. The reported value for this ratio is 0.008 at
164-190°.19

Experiments witn Diazo-n-propane-1-14C. Experiments
were run with pure diazo-n-propane-1-14C and with 1:1
mixtures of diazo-n-propane-2-14C and propylene. In these
experiments we analyzed ethane, ethylene, propylene, 1-
butene, and 1,5-hexadiene. The results have been plotted
against collision rate (see Figures 1-4).16 The addition of
propylene does not influence the product distribution, in
agreement with the proposed mechanism.

The molar activity found in the different products is in
Table 1. The activities are relative to that of propylene,
and in the experiments with added propylene the amount
added has been deduced. In this way activities from the
different runs can be compared.

The experiments with pure diazo-n-propane-/-14C sup-
port further the mechanism outlined. According to eq 1 and
2. propylene should be labeled in carbon one and with the
same molar activity than the original diazo-rt-propane-1-
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PRESURE/mmHq

Figure 5. Plot ot the rate constants of propylene C-C scission
against collision rate and pressure (experiments with pure
diazo-n-propane O, experiments with diazo-n-propane-7-14C O,
experiments with diazo-n-propane-7-14C diluted with propylene
A. The RRKM calculated curves use model I+, Eo = 81.09
kcal mol-1 and the parameters: curve a, Emp = 93.1 kcal
mol-1 and rr = 6 kcal mol-1; curve b, Emp = 94.1 and a — 5;
curve ¢, £mp = 95.1 and o = 4; curve d, £mp = 94.9 and a =
4.

14C. The self-consistency of the following arguments con-
firm this point. Vinyl radical, see eq 4, should also be
formed with identical activity and also ethylene, eq 15.
On the other hand, allyl should also contain the same ac-
tivity. see eq 5 and 15. Therefore, 1-butene formed by eq
21 should also have identical activity, while 1,5-hexadiene
should have twice as much, as its formed from two allyl
molecules, eq 22. However, ethane that is formed from
methyl radical by eq 4 and 20 should show no activity.

In Table | it can be observed that the experimental
data agree with the above predictions within experimental
uncertainty.

The relative contribution of the C-H scission of propyl-
ene to the reaction can be estimated in the experiments
with added propylene. As the propylene “competes” with
the active (formed by eq 2) in eq 15. the molar activity of
allyl should be reduced, and consequently, those of 1-bu-
tene and 1,5-hexadiene. However, if most of the allyl is
formed by C-H splitting, eq 5. the effect of the added pro-
pylene would be negligible.

The data of Table | show that introduction of propylene
in the ratio 1:1 decreases the activity of 1-butene by 30%
and that of 1,5-hexadiene by 29%. These results do not
rule out the participation of the C-H scission in the pro-
pylene unimolecular decomposition but confirm our ear-
lier interpretation that the C-C splitting dominates the
reaction under the actual experimental conditions.

Rate Constants of Unimolecular Decomposition of Pro-
pylene. The specific rate of C-C splitting of activated pro-
pylene, {&=-(=}, in this system is given by eq 25, where the

(kr ;-) = dDe-&/S (25)

amount of stabilized product is S = propylene. The
amount of decomposition (DC-C may be -calculated
through the computation of vinyl or methyl’

methyl = 2ethane + 1-butene (26)
vinyl = ethylene @27

The vinyl to methyl ratio has been plotted against colli-
sion ratel6 in Figure 4. This ratio is rather close to one,
the value expected from the mechanism. The vinyl deficit
indicates that participation of vinyl in secondary reactions
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is higher than that of methyl. In any case, the reactions
used in the computations account for more than 90% of
the fragmentation products. Equation 26 will be employed
in the computation of experimental (fec -c).

The collision rate of the vibrationally excited propylene
with the bath molecules (i.e., diazo-n-propane) was calcu-
lated from Kkinetic theory (see Appendix). Unit collision
efficiency of deactivation of propylene was assumed. The
deactivation rate calculated for the propylene having a
Boltzmann distribution of velocities at 20° is a/P = 3.02
x 107 collisions sec-1 Torr-1. The experiments were run
to complete diazo-n-propane decomposition. Therefore,
the collision rate of the propylene in a bath of completely
decomposed diazo-n-propane may be approximated by a
bath composed of a equimolecular mixture of nitrogen and
propylene. Under these conditions the rate at 20° is ojfP =
3.33 x 107 collisions sec-1 Torr-1 and, therefore, we took
the initial value as a reasonable approximation in the sub-
sequent calculations. In the experiments with added pro-
pylene the total collision rate was calculated as the sum of
the collisions with diazo-ra-propane and the added propyl-
ene.

The experimental (fcr-c) values are plotted in Figures
5-7 against the collision rate.

The relationship between the experimentally observed
unimolecular rate constants and the microscopic unimo-
lecular rate constants for C-C decomposition of a propyl-
ene molecule with internal energy content E. kc-c(E), is
given by

r~ kc-c(E) /
ANr-c> - kc ¢c(E) + kc_h(£) + dt(E) de/
Jo kc.c(E) + kc HE) + ui(E) &k (28)
where (E) represents the contribution of the C-H
splitting.20

The rate constants, k(E), were calculated using the
RRKM theory.11 as revised by Wieder and Marcus.2L All
the internal vibrations of propylene were allowed to be ac-
tive degrees of freedom. The details of the rate and energy
distribution calculations, including the necessary molecu-
lar vibrational assignments and the thermochemistry, are
given in the Appendix. We assumed f(E) to be a Gauss-
ian;22 therefore, for a given model there are only two ad-
justable parameters for fitting the calculated curves to the
experimental data, Emp, the most probable energy of the
excited propylene, and the dispersion of {(E). Some typi-
cal calculated curves are shown in Figure 5.

Energy Partitioning in Diazo-n-propane Photolysis.
Three different sets of calculations have been performed
that encompass the standard deviations quoted for the ex-
perimental Arrhenius parameters used to select the acti-
vated complex models (see Appendix and Table II). The
curves in Figure 5 represent typical results for one of the
sets.

The parameters Enf} = 99 + 6 kcal mol-1 and a = 5 +
1.5 kcal mol-1 encompass the best fits obtained with the
different sets of calculations and make allowance of the
dispersion of the experimental points.

If the isomerization of ethylcarbene is faster than the
collision rate as should be for a unimolecular process with
no activation energy,9 the more probable energy of ethyl-
carbene can be obtained subtracting from the Emv of pro-
pylene the heat of the reaction at 0 K, see eq 2.23 We ob-
tained Emp(ethvicarbene) = 43 + 6 kcal mol-1.
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TABLE 11: Molecular Models Used in the Calculations*
Complex"
Propylene - | 1+ Methyl Vinyl
Vibrational Assignments, cm 1
3090 3272 30022 3019
3013 3184 3184 3272
2954(2) 3019 1508(2) 2989
2992 3002(2) 611 1623
2933 2989 1444
1474 1420(2) 943
1378 1444 825
1443 611 1050
1419 1623 995
1652 1050
1298 995
1172 153 145.5 160
428 943
920 825
912 310(2) 25002) 20002
578 20(2) 20002) 150(2)
963
991
1045
225
Principal Moments of Inertia, g cm 2
a= 101.6 X 10-« 7a = 101.6 X 10 « 7a = 5.92 X 10"« 7a = 29.17 X 10"«
b= 87.75 X 10"« 7b = 87.75 X 10"« Ib=1Cc= 2.96 X 10"« 7b = 25.13 X 10"«
c= 19.20 X 10"« 7C = 19.20 X 10"« 7C = 4.05 X 10"«
Symmetry Numbers (a)
Calculated Standard Molar Entropies' (S°) at 293.16 K, cal K mol
62.953 70.326 46.242 55.709
“ See Appendix. bOnly wave numbers that differ from those of model | has been listed for models | + and | — cThe electronic degeneracy of the radicals
(gi = 2) is included in the calculations.

TABLE I11: Calculated (ART)aHigh Pressure Rate
Parameters of Unimolecular Decomposition of
Propylene (Thermal Activation) CHIH=CH2*=

CHr + CH=CH2
Temperature,
Loga, SC1 kAl mor 1 *1),, sec 1
14..90 8. A 8.8l X 103
400 15..27 8.51 4.4 X 103
15. 66 8..71 8.4 X 103
15 51 87..47 4.10 X 10
800 15..0 8. 09 457 108
16 .30 &..2 9.8 x 108
15 .60 87..86 2.53 X 10+
1000 16.,00 &..48 2.0 X 10-3
16 .40 8&..72 4.6 X 103
15..67 8.21 6 .9%
13006 16 .07 &..A 4 .37 X 10~
16 47 8..09 9.9 X 10n
a For each temperature the upper row uses model | — and Eo = 83.75 kcal
mol-1, the middle row model | and Eo = 81.09, and the lower row 1+ and
Eo = 81.09. bThis temperature has been included to show how well our

models reproduce the experimental Arrhenius parameters (see Appendix).

The calculated available energy' for partitioning be-
tween ethylcarbene and and nitrogen in the photolysis of
diazo-n-propane is 62.5 kcal mol"1 (see Appendix). This
value coupled with the f2mp(ethylcarbene) gives 68 + 10%
of the available energy being carried out by the carbene
moiety.

ART Calculations. We have calculated the high-pres-
sure (thermal) rate constants, ky. for the unimolecular de-
composition of propylene and for the reverse reaction, the
combination of methyl and vinyl, through absolute rate

TABLE 1V: Calculated (ART)“ High Pressure Rate
Parameters for the Combination Reaction
ch3 + CH=CH, <chXxh=CH,

Log /L,Af—i Ece, kcal

Temperature, K sec~1 mol ¢Deo, M sec 1
7.81 0.34 3.61 x 107

208. 16 8.16 0.54 5.87 x 107
8.54 0.72 1.02 X 108

8.14 0.86 4.62 X 107

400 8.51 1.09 8.23 X 107
8.90 1.29 1.55 X 10«

9.00 3.16 1.37 X 10*

800 9.40 3.44 2.87 X 10s
9.80 3.67 6.21 X 10s

9.29 4.35 2,19 X 10«

1000 9.69 4.64 4.75 X 108
10.09 4.88 1.06 X 10«

9.63 6.14 3.99 X 108

1300 10. 6.44 8.95 X 10s
10 .43 6.68 2.05 X 10s

° For each temperature the upper row uses model |-, the middle row
model |, and the lower row model | + . In every case the critical energy has
been taken as zero.

theory (ART).12 see Tables Il and IV. The calculation de-
tails are in the Appendix.

The calculated rate constant for the recombination of
methyl and vinyl radicals at 400 K is 4.62-15.5 x 107M "1
sec"l. Using a similar approach Hase and coworkers24
have calculated that the recombination rates of several
alkyl radicals rang? from 9.5 x to 101to 1.1 x 1010 at 400
K. Therefore, according to our values, the vinyl radical
combines at a rate comparable to that of the slower alkyl
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radicals. This rate correlates with a relatively tight acti-
vated complex (see Appendix) and a comparatively low A
factor for the unimolecular decomposition of propylene.
The A factors for the vibrator models of activated com-
plex of alkane decomposition range at 1000 K from 10164
to 10178 sec-1 against our calculated i01567- 1016 47 sec-1
for the propylene decomposition. Then, although there
seems to be a trend in our values toward a tighter activat-
ed complex, our error limits overlap the values reported
and no definitive conclusions can be obtained.

It should be remembered that recombination rates cal-
culated with the present approach are significantly small-
er than experimental and estimated recombination
rates.24 Therefore, only correlation with rates calculated
in the same way is significant.
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Appendix

RRKM Calculations. The vibrational frequency assign-
ment for propylene has been taken from the literature.5
The activated complex assignments were chosen under
the constraint that they should- reproduce the Arrhenius
preexponential factor of Chappell and Shaw26 (RRKM re-
sults depend only on the A factor and not on the exact
model of the activated complex27). Three models have
been evaluated; model | corresponds to the A factor re-
ported and models 1+ and I— to the A factor plus and
minus one standard deviation (see Table I1).

The critical energy Eo can be calculated from the ex-
perimental activation energy E ., using absolute rate theo-
ry, by eq 31.28 Application of model I to the calculation of
the average energy of the complex <E+) gives EO = 81.09
kcal mol 1if E is taken as 85.84 kcal mol-1. Using E =
88.27 kcal mol-1 (i.e., the mean value plus one standard
deviation) and model I— one obtains E0O = 83.75 kcal
mol-1. With E = 83.47 kcal mol-1 (i.e., the mean value
minus one standard deviation) and model 1+ one obtains
Eo = 78.47 kcal mol-1.

However, the discrepancy between activation energies
calculated from shock tube experiments and low tempera-
ture data is well documented in diatomic molecules.2
The lower activation energy (and rate constant) obtained
at higher temperatures is adscribed to a depletion of the
higher vibrational levels by the reaction, the V-V transfer
not being able to reestablish the equilibrium quota.3 The
relevance of this effect in polyatomics, where the V-V
transfer is favored by the presence of several vibrational
modes, is difficult to assess.

The lack of low-temperature kinetic data3l forces us to
choose between the Eo value that can be derived from the
estimated standard bond dissociation energy,
DH°(CH2="CH — CH3) = 97 kcal mol-1,3 and those ex-
trapolated from the shock tube Arrhenius parameters.
However, the mentioned DH° is much higher than the
value for C-H splitting DH°(CH2=CH-CH2__ H) = 87.1
kcal mol-1,33 and therefore, very hard to reconcile with
our experimental data that favors C-C over C-H rupture,
and has been left out. Of the values derived from the ex-
perimental Arrhenius parameters, EO = 78.47 kcal mol-1
has been discarded as unrealistic (i.e., too far from the es-
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timated values). Then, EO = 81.09 and EO = 83.75 kcal
mol-1 are the values used in the calculations. See Figures
5-7.

ART Calculations 12-28 High-pressure rate constants of
methyl vinyl recombination and unimolecular propylene
decomposition were calculated by eq 29. The frequency

*,~id.exp (.-EJRT) (29)
factor Amwas calculated from eq 30, where L* is the path
In A, = In(L*ekT/h) + AS*/R - An (30)

degeneracy An is the increment in moles (counted from
reactants toward activated complex), and the rest of the
symbols have their usual meaning. The activation energy
E., was calculated by eq 31, where Eo is the critical energy

E, = EO+ (E*) - (E) + RT (31)
for reaction, (E*) is the average internal energy of the
complex, and (E) is the average internal energy of the
reactants. The term RT corresponds to the contribution of
the degree of freedom of the reaction coordinate that has
not been included in (E+).

The vinyl and methyl models used in the calculations of
recombination rates are listed in Table II; the principal
moments of inertia employed for the activated complex
were those of propylene (calculated from standard bond
distances and angles).

The ratio of the products of the principal moments of
inertia of reactant and complex were taken as one in the
propylene decomposition calculations.

The different thermodynamical quantities have been
calculated from the models by standard statistical-me-
chanics equations.

Calculation of the Total Energy Available for Partition-
ing. The total energy that can be partitioned between ni-
trogen and ethylcarbene in the photolysis of diazo-rc-pro-
pane will be the sum of the light absorbed by the reac-
tant, the thermal energy of the reactant, and the exother-
micity of the reaction at 0 K.

The contribution of thermal energy was neglected. The
distribution of energies absorbed by the diazo-n-propane
can be calculated as follows. The ratio of light intensity
absorbed /ab to incident lo is given by eq 32 as a function

I1Jh =1-

10-4 (32)

of the absorbance A. For absorbance lower than 0.1 eq 32
can be approximated by

1Jh = 2.303A (33)

If Beer's law is obeyed the absorbance is proportional to
diazo-n-propane concentration. Therefore, the ratio (/ab/
10)\2/(hb/10)\2 where Xj and X2 are two different wave-
lengths, will be concentration indepencent as long as eq
33 holds. This ratio, for the wavelengths of interest, was
obtained from the spectrum of diazo-rc-propane in cyclo-
hexane (gas- and liquid-phase spectra of diazo compounds
are similar34). Experimental conditions were such as to
ensure that 33 was obeyed. The relative incident light, lo,
was obtained from data furnished by Hannovia Co., the
manufacturer of the lamp used. These data give almost
identical spectral distribution as that the emission re-
ported by Calvert and Pitts35 for medium-pressure mercu-
ry lamps. The number of molecules with energy equal to
that of the absorbed photon, n(E), shou.d be proportional
to the intensity absorbed, 7ab, at the corresponding wave-
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TABLE V: Distribution of the Energy Absorbed by
Diazo-n-propane in the Photolysis Experiments

nm n(£),° 7.b E, kcal mol 1
546.1 5.08 52.17
435.8 75.00 65.38
404.5 14.55 70.44
366.0 5.36 77.85

aNormalized to 100. As Pyrex was used as filter, the diazo-n-propane
only absorbs light significantly at the wavelengths considered.

TABLE VI: Parameters Used in Collision

Calculations
a, cm X 108 e/k, K
Diazo-n-propane* 7.1 400
Propylenes 4.67 303
Vinyl' 5.061 205
Methyl' 3.796 144
N itrogens 3.68 92

a Estimated values. 6Reference 36. c Parameters of ref 36 for the cor-
responding hydrocarbons.

length. The n(E) for the range of interest are listed in
Table V. The average energy E absorbed by diazo-n-pro-
pane was calculated as E = ZEn(E)/Zn(E) and equals
66.1 kcal mol-1.

As it has been mentioned before, from this average en-
ergy has to be subtracted the energy that is converted into
potential energy of the fragments when diazo-n-propane
decomposes, in order to obtain the energy available for
partitioning. This energy has been approximated as the
difference in standard heat of formation of products and
reactant, and was found to be 3.6 kcal mol 1 (endother-
mic).36 Then, a value of 62.5 kcal mol 1 for the average
energy’ available for partitioning is found.

Calculation of Collision Rates,37-38 Collision rates were
calculated by the standard Kkinetic relationship (34),

2 +2 SrlYA\( MMQ\ABB{' (8\KT)'/ZNn (34)

where S is the effective collision diameters, M the molec-
ular weight, and N» the concentration of B molecules.
The S.mi values are estimated from Lennard-Jones hard-
spheres diameters <ABby

Sab2 = aABQ2LT*)] (€9))

The collision integral Q22 is a function of the reduced
temperature T*. The reduced temperature is calculated
by eq 36, where t/k is the force constant and the other
symbols have their usual meanings.

T* = KT[U/K)Ae/K)H - L2

The parameters used are listed in Table VI.

&

Supplementary Material Available. Figures 6 and 7 will
appear following these pages in the microfilm edition of
this volume of the journal. Photocopies of the supplemen-
tary material from this paper only or microfiche (105 x
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The flash photolysis of hydrazine diluted in an excess of inert gas (isothermal photolysis) has been rein-
vestigated using a long path cell and a flash of shorter duration {tl/2 ~ 5 psec) than previously em-
ployed. Under these conditions the well-known absorption of NH2 is observed in addition to two new
transients: the 336-nm absorption band of NH (ti/2 ~ 18 psec) and a continuous absorption detectable
at 400 nm whose intensity increases in the ultraviolet (t1/2 ~ 10 psec). The time dependence of the NH2
radical concentration has been monitored by kinetic spectrophotometry at 597.6 nm and compared with
the evolution of the same radical in the NH3-helium system. The comparison demonstrates the existence
of a secondary formation of NH2 attributed to the reaction H + N2H3 —%2NH2; the secondary formation
is limited and this is believed to be the result of the fast disappearance of N2H3 radicals by the reaction
N2H3 + N2H3 —#products. The assignment of the short-lived continuous absorption to N2H3 is discussed

on the basis of this interpretation.

Introduction

The photodissociation of hydrazine by photons whose
wavelength is about 200 nm can be interpreted in terms of
the four energetically probably primary events

N,H, NH, + NH, AH = 61 kcal D
— NR + H AH = 76 keal (2)
------ » NH, + H, AH = 26 kcal )]
—~  NH + NR, AH = 50kecal 4

The first studies on the continuous photolysis of hydrazine
did not definitely establish the relative roles of these dif-
ferent processesl'2 although the observation of NH23 dur-
ing the flash photolysis of N2H4 suggested that reaction 1
was important. More recent work on the continuous pho-
tolysis of hydrazine4-7 indicates that the major primary
event is reaction 2. Thus, Schurath and Schindler7 mea-
sured the following quantum yields in the photolysis at
206.2 nm: €2 = 0.97 + 0.1, §2 < 0.05. These values show
that the contribution of reaction 1 is small under these
conditions.
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The last observation led us to investigate the origin of
NH2 in the isothermal flash photolysis of hydrazine by
following the formation and decay of this radical using its
intense 597.6-nm absorption band. The ammonia system,
in which the kinetic behavior of NH2 is now well estab-
lished,89 was used as a reference. In addition an attempt
was made to detect any weakly absorbing transients
formed in the photolysis by using long absorption paths
(up to 16 m).

Experimental Section

The flash photolysis apparatus was equipped with two
parallel, 1-m long, silica lamps in which an electric dis-
charge (5000 J, 8 x 7.7 pF, 13 kV) produced a 5-psec (at
half-intensity) polychromatic light pulse. The photolysis
cell, 55-mm i.d., contained a multiple reflection mirror
system based on the White principle.lc The lamps and
cell were enclosed in an aluminum reflector. A 1-m optical
path was obtained by eliminating the mirror system and
the 0.5-m path by masking half of the cell with black
paper.

Transient absorption spectra were recorded on a Hilger



Isothermal Flash Photolysis of Hydrazine

E 742 spectrograph using a 100-J capillary spectroflash
lamp (fi/2 ~ 3 /Isec). The same capillary lamp was used
as the light source for kinetic spectrophotometry but was
supplied in this case from a pulse-forming network pro-
ducing an almost flat pulse of light whose intensity was
constant within a few per cent during 450 //sec (energy
stored in the capacitance network ~ 700 J). After tra-
versing the photolysis cell, the light was dispersed in a
3.4-m Jarrel-Ash spectrograph provided with an exit slit
and then received on a photomultiplier (56 UVP, La Radi-
otechnique). The linearity of the photomultiplier response
to intense signals was ensured by a chain of large capaci-
tances. A convenient signal-to-noise ratio was obtained
using a 100-/xm entrance slit and a 150-/zm exit slit. Under
these conditions the slit function was measured with a
narrow emission line and is represented in Figure 1. The
differences observed between the measured and calculated
curves are attributed to a stigmatic defect of the appara-
tus. Wavelengths shorter than 550 nm were eliminated
using a filter placed in front of the entrance slit. Wave-
lengths longer than 700 nm were not detected due to the
rapid decrease of the photomultiplier sensitivity in the
red.

Hydrazine was distilled over CaO in the presence of
inert gas (argon) thus reducing the water content to less
than I17c. Before use the liquid was pumped for several
minutes at room temperature. Ammonia (Matheson,
99.9970) was used without further purification. Inert gases
(argon, helium) were admitted into the vacuum line after
passing through a molecular sieve column. In the case of
helium the column was cooled to liquid nitrogen tempera-
ture. Analysis of the small concentrations of photolysis
products (H2, N2, NH3) was carried out after separation
of condensable products in a liquid nitrogen trap. Uncon-
densable products, H2, N2, and argon, were then intro-
duced into the gas chromatograph (13x molecular sieve
column, flowing gas argon). Condensable products were
transferred into a 1-cm spectrophotometer cell fitted with
a side arm. Ammonia was determined with a Cary 14
spectrophotometer using the structured far-uv absorption
spectrum of this gas; during the measurements the partial
pressure of the excess hydrazine was maintained at a con-
stant low value by plunging the side arm in an ice bath.
The validity of this procedure was checked using synthetic
mixtures of known composition.

Owing to the strong adsorption of hydrazine on Pyrex or
silica walls a standard procedure was adopted for the
preparation of hydrazine-inert gas mixtures. The 51. bulb
used for the preparation was first “poisoned” with a hy-
drazine pressure of 6 Torr. After 1 hr this gas was rapidly
pumped out and a fresh charge introduced to the required
pressure followed by 500 Torr of inert gas. The gases were
allowed to mix for at least 1 hr before introduction into
the photolysis cell where the mixture was photolyzed
within 30 to 40 sec.

Results

1 Preliminary Study by Kinetic Spectroscopy in the
Range 290-650 nm. The photolysis of a mixture containing
a partial pressure of 1.17 Torr of hydrazine in 100 Torr of
argon permitted the observation of the 336-nm absorption
of the NH radical (A3l — X3Z-, half-life 18 //sec) and
the fine structured absorption spectrum of NH2 in the
visible during several hundred microseconds.

A continuous absorption was detected between 400 and
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Figure 1. Slit function of the spectrograph used to follow the ki-
netics of the 597.6-nm band of NH2: full line, measured; dashed
li&[e, cilculated from slit width (spectrograph dispersion 0.495

Figure 2. Time variation of the transients detected in the flash
photolysis of the mixture N2H4-argon (1.17 Tcrr-100 Torr): O.
NH2 (598 nm): X, NH (336 nm); A, continuous absorption (290
nm). The optical densities are those measured directly on the
photographic plate.

290 nm (half-life about 10 //sec). Its intensity increased in
strength toward the ultraviolet but was only 0.07 o.d. at
the shortest wavelength of observation (29C nm). The poor
reflectivity of the mirrors combined with the increasing
intensity of the N2H4 absorption made observations im-
possible at shorter wavelength.

The variation with time of the three absorption spectra
is represented in Figure 2. The optical densities are plot-
ted directly from the microdensitometer traces. No ab-
sorptions were detected at longer delays.

The analysis of the final products gave [X2] = 1.7+ 0.2
x 10"6M,[H2] = 2-2 + 0.2 X 10 ®M, and [NH3] = 2.7 +
0.2 x 106 M which corresponds to the decomposition of
3 X 10-6 M of N2H4, i.e., 57/c of the initial concentration of
hydrazine.

2. Rate of Formation and Decay of the NH2 Radical.
The absorption spectrum of NH2 in the visible (2Ai m—
2Bi) is composed o: a large number of partially resolved
vibrational bands.1l1 The particularly intense 597.6-nm
band used to monitor the NH2 concentrations may con-
tain one or several saturated rotational lines. In such a
case the Beer-Lambert law is not applicablel2 and the
measured optical density is not proportional to the con-
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Figure 3. Optical density of NH2 absorption as a function of
length of the optical path. (The optical density is measured 55
/¢sec after the photolytic flash: X 597.6 nm, N2H4 1.17 Torr, he-
lium 100 Torr.)

Figure 4. Time variation of the NH2 concentration in the photol-
ysis of (A) NH3 (6 Torrs)-hellum (100 Torr); (B) N2H4 (1.17
Torr)-hellum (100 Torr); (C and D) are plots of the inverse of
NH2 on the same time scale ((C) NH3 system, (D) N2H4 sys-
tem). Concentrations are expressed in relative units (see text).

centration of the absorbing species.13 Similar conclusions
have been reached in some recent works on the photoly-
sis14 and the radiolysis8 of gases, and the well-known rela-
tion

OD = tel ()]
has been replaced by

OD = (tclf (n <1 (1
to take into account the effect of saturation, n being a
constant in the range of concentrations studied. Relation
Il was empirically justified by plotting log D as a function
of log Z the straight line obtained having a slope of less
than one. In particular, Gordon, et al.,8 found n = 0.77 for
NH2, Zvarying from 0.4 to 2 m. Under our conditions and
with Zvarying from 0.5 to 16 m such a plot is not linear
(Figure 3). The value of n equals 0.8 for small values of Z
(0.5 < I < 1 m) but reaches 0.4 for the longest optical
paths used. No attempt will be made to obtain an analyt-
ical formulation of the relation D = f(Z) represented by
the plot of Figure 3; instead the concentrations of NH2
will be expressed as relative values obtained directly from
Figure 3 (for example, a measured optical density of 0.10

corresponds to [NH2] = 1.53 in relative units).
The time dependence of the relative concentrations of
NH2 is represented in Figure 4 for the two systems NH3-
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Figure 5. Time variation of NH2 optical density (A) NH3-helium
(0.36 Torr-6 Torr), (B) N2H4-helium (1.95 X 10~2 Torr-60
Torr). The full lines correspond to the furction JV/(f) df, /(f)
being the intensity of the photolytic light as a function of time,
and are normalized to the observed plateau values.

helium (6 Torr-100 Torr), curve A, and N2H4-helium (1.2
Torr-100 Torr), curve B. Curves C (NH3-helium) and D
(N2H4-helium) show the variation with time of the in-
verse of the relative concentrations. Comparison of curves
A and B immediately suggests a secondary formation of
NH2 in the hydrazine photolysis (slower rates of disappear-
ance in spite of higher concentrations). Such a secondary
formation has been exemplified at very low concentrations
of NH2 where the rates of reaction can be higher than the
duration of the photolytic flash. Figure 5, curve B, shows
the variation (formation) of the NH2 concentration for the
mixture N2H4 (1.95 X 1CD2 Torr)-hebum (60 Torr); it is
compared to the variation of NH2 in the mixture NH3
(0.36 Torr)-helium (6 Torr), curve A, where no significant
decay of NH2 occurs during the observation period. The
form of curve A compares favorably with that expected for
the formation of a primary species as represented by the
function J/(t) dt (I(t) = intensity of the flash as a func-
tion of time). Curve B clearly shows a 100-/usec risetime
indicating, within experimental error, that part of NH2
formation is a secondary process.

Discussion

The data presented here and obtained with the use of a
long optical path clearly contain some new information
relative to the isothermal photolysis of hydrazine. Thus
the appearance of a continuum and of the 336-nm absorp-
tion of NH has not been previously mentioned in the liter-
ature. It appears necessary to examine the origin of the
continuum and of the NH radical before discussing any
secondary process of NH2 radical formation.

1 The Continuum. The most reasonable assignments
are certainly N2H2, N2H3, or N2H4*. The first, N2H2, is
incompatible with the accumulated information on the
lifetime of this species. Identified as one of the products
resulting from the action of a microwave discharge on
N2H4, it can be trapped at liquid nitrogen temperature
and detected by mass spectroscopy after warming.15-16
Moreover, its electronic spectrum has been recorded in
absorption at about 175 nm in a cell separated from the
discharge by atrap cooled at -78°.17

The assignment of the continuum to the electronic
spectrum of unthermalized hydrazine is a second possibil-
ity. Such an assignment was proposed by Husain and
Norrish in discussion of the adiabatic flash photolysis of
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N2HA418 where a similar continuum was observed on a
longer time scale and where the temperature was higher
(= 1500°K). Following this hypothesis the disappearance
of the absorption under our experimental conditions could
be interpreted as the thermal relaxation of the corre-
sponding molecule in a time comparable to that of the
photolytic flash, i.e., 5 Msec. This assignment is however
difficult to support because of the structureless absorption
spectrum of hydrazines which suggests that photon exci-
tation leads uniquely to dissociation.

It therefore appears reasonable to attribute this absorp-
tion to N2H3. Several modes of disappearance have been
proposed for this radical

N,H + N,HJ—* products (5)
H + N,H3— » 2NH 6)
N,H3+ NH — » NH; + N,H (7

Reaction 5 is accepted as the principal mode of disappear-
ance of N2Hz at low radical concentrations.i9-21 Reaction
6 was proposed to explain the high concentrations of NH2
observed when H atoms react with hydrazine at large
[H]/[N2H4] ratios.22'23 Reaction 7 can explain part of the
isotopic scrambling of molecular N2 formed during pho-
tolysis of mixtures of 1sN- and 14N-labeled hydrazines.2o
Neglecting reactions re-forming hydrazine the initial con-
centration of the N2H3 radical, [N2H3]0, can be estimated
from the amount of N2H4 decomposed, i.e., [N2H3]Jo = 3
X 10”6 M. The half-life of the continuous absorption, 10
Msec, is 5 /rsec higher than the duration of the photolytic
flash; the difference, if used as a half-time of reaction 5
gives 2k5 = I/[N2H3]ofis2 = 0.7 x 1011 M~»1 sec”1. The
value 2k = 1.2 X 1011 M~ 1 sec-1 has been measured for
the bimolecular disappearance of NH2.8 Also supporting
the assignment of the continuum to N2Hs is the recent
assignment of a continuous absorption with maximum at
200 nm to the isoelectronic radical HO2.13
2. Origin of the NH Radical. Formation of NH by the

reaction

NR, + NH, —% NH + NH; ®)

can be eliminated by comparing the fast rate of its disap-
pearance (ti/z = 18 Msec) to the measured rate of NH2
decay. Furthermore, reaction 8 was observed in the pho-
tolysis of ammonia at low pressures (total pressure less
than 1 Torr)24 but under our conditions the radical is not
detectable in the photolysis of NH3 (total pressure 100
Torr) where NH2 radical concentrations are of the same
order of magnitude as in the hydrazine photolysis. An ex-
tinction coefficient « 40,000 Ai~1 cm~ 125 has been pro-
posed for the 336-nm absorption of NH. From the oscilla-
tor strength of the transition2e'27 a similar value, < =
50,000 M 1 cm-1, can be calculated for the unresolved Q
branch of the 0-0 transition. This gives an estimate of
about 3 X 10”9 m for the maximum NH concentration in
the present experiment; such a small concentration may
come from N2H4by the photochemical reaction

N.H, NH + NH, )

However, a preliminary experiment on the adiabatic flash
photolysis of N2H4 (1.2 Torr) suggests another possibility.
It has been observed that under these conditions and at
short delays the continuous absorption is 2.5 times greater
in intensity than under isothermal conditions, the in-
crease being associated with a corresponding increase in
NH intensity although the NH2 absorption is unchanged.
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Thus the correlation between the continuous absorption
and NH intensities may be the result of the secondary
photolysis of N2H3

N,H1 — NH + NH, 9

the small yield estimated for NH being associated with a
negligible NH2 formation.

3. Formation of the NH2 Radical. Ammonia Photolysis.
The NH2 radicals formed in this system are of primary
origin

NH3

The kinetic of their disappearance has been described by
the two competitive reactions

NH, + NH, — "= products
NH + H+ M —® NH, + M

NH, + H

(10)
(1)

The variation of 1/[NH2] as a function of time is linear
(Figure 4) from 40 Msec where the photolytic formation is
terminated up to 400 Msec. Such a linear plot has been ob-
tained in the pulse radiolysis of NH3 at the lowest pres-
sure used (250 Torr);s it corresponds to the predominance
of reaction 10, 2kyo = 1.2 X 1011 M "1 sec-1 over reaction
11, kn = 2.2 X 1012 M “1sec“l. The disagreement which
was pointed out in the Experimental Section between our
relation OD = f([NH2]) and that of Gordon, et al.,8 does
not allow us to use their eNHz value to evaluate the abso-
lute NH2 concentrations. However such an estimate can
be made from the rate constant ¢10 and the slope of curve
C on Figure 4. In fact, the relative NH2 concentrations
[NH2]rei used in Figure 4 are proportional to the absolute
concentrations [NH2]abs:[NH2]re] = iQNHz2]abs from
which it follows that the slope s of curve C can be related
to the bimolecular rate constant kyo by

S = 2kJK

the expression being analogous to the relation s = 2k/d
used when Beer’s law is applicable and the relative unit of
concentration is the measured optical density. Taking k10
= 0.6 X 1011 Ar-1 sec”1, k is then equal to 2.17 X 107
and the relative unit of concentration used on Figure 3
corresponds to 0.46 X 10”7 m. Using this value to esti-
mate the empirical coefficient ¢ in the relation b = (tcl)n
in the part of Figure 3 where n is close to the value 0.77
obtained by Gordon, et al., we obtain t ==1100 M~ 1 cm~ 1
which may be compared with the value t =774 M1 cm~ 1
obtained by these authors. The discrepancy can certainly
be explained by experimental factors such as slit function
and positioning, variation of line widths in the 597.6 nm
band as a function of pressure, or nature of diluant gas
but needs more experimental investigation to be elucidat-
ed.

Hydrazine Photolysis. A rise time longer than expected
for a primary species is observed in the photolysis of N2H4
at low partial pressure (2 X 10+2 Torr of hydrazine, 60
Torr of helium, Figure 5). On the other hand comparison
of curves A and B of Figure 4 clearly shows that between O
and 250 Msec the rates of disappearance of NH2 are slower
in the mixtures containing hydrazine than in those con-
taining ammonia in spite of higher concentrations in the
former. This result is unexpected since the presence of
other radicals in the system (N2H3, NH) would favor a
higher rate of disappearance. These observations are
therefore the result of a fast secondary formation of NHz2.
A process such as
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N-H, NjH4* (12)
followed by
r 2NH, 13
NH&
"N.H, (14)

can explain the slow rise time observed in Figure 5. The
evidence for the existence of a long-lived excited state of
hydrazine (triplet N2H47?) is however small. The reaction

H+ Nil, — NH, + NH, (15

has been proposed to explain the emission 2Ai —* 2Bi of
NH2 observed when high H atoms concentrations react
with hydrazine.2 Such a reaction is however a minor pro-
cess2compared to

H+ XH —* H + XH (16)

Two values for ki$ can be found in the literature (k = 1.3
X 1010 exp(-2500//iT) Al" 1sec-128k = 3.5 X 108 exp(-
2000/RT) M *“1sec-1).21 If one considers that reaction 16
is the limiting process in the formation of NH2 by (15) its
time of half reaction is thus approximately equal to the
half rise time of NH2. Taking [N2H4] = 146 X 10“6 M
(0.02 Torr), T = 300°K, and using the largest value for k16
one gets '12 ~ 3 X 10”3 sec. This value is incompatible
with the observed formation of NH2, 100 psec under these
conditions.

The possibility of a fast disappearance of the N2H3 rad-
icals discussed earlier suggests a third possible origin of
NH2which has been proposed by Ghosh and Bair22

H + NH> —m 2NH, AH = 15 kcal 7)

A consideration of the enthalpy difference between the
reaction paths

H+ NH. *=» XIf N,H4 (18)

NH + NH. NH*~  NH (19

has led to the conclusion28 that stabilization by (18) needs
pressures several orders of magnitude greater than by
(19). Comparing the pressure where reaction 19 does not
lead exclusively to stabilization (5-10 Torr9), with the
range of pressures where it does (250-1500 Torr8) it ap-
pears reasonable to conclude that at the helium pressure
of 100 Torr reaction 17

H+ NH, —- 2NH, @

is favored in comparison with

H+ XH — NH, (20)

The maximum NH2 concentration produced in the pho-
tolysis of 1.95 x 10~2 Torr of hydrazine, 2.3 x 10"8 M
represents 1.6% of the initial hydrazine concentration.
The amount of hydrazine decomposed at this pressure is
not known but can be estimated approximately from the
percentage decomposition measured at 1.2 Torr, 5%,
which does not take into account the possible reformation
of N2H4 by

NH, + XH — NH, + N1L 1)

and
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NH., + NH-, N.H4 (19)

It follows that the formation of NH2 represents less than \
of the hydrazine dissociated into H and N2H3 indicating
that the major part of H and N2H3 disappear by other
reactions than (17). Further, the estimate of 3 x 10" 3 sec
made for the half-time of reaction 16

H+ NjH4— » H. + N.H, (16)

suggests that the process limiting the formation of NH2 is
rather reaction 5

Nji, + N.H; — products (5)

which is in agreement with the fast bimolecular disap-
pearance of N2H3 suggested earlier.

Conclusion

In spite of the difficulties associated with the determi-
nation of NH2 concentrations due to deviation from Beer's
law it can be concluded that this species plays only a
minor role in the photolysis of hydrazine, a conclusion
consistent with other recent results on N2H4 photolysis.
The delayed formation of the NH2 radical is well account-
ed for at least on a semiquantitative basis by the competi-
tion between

NJH, + N.H; —* products

and
H+ N.H; —- 2NH.

However it should be pointed out that the role of a possi-
ble long-lived excited state of hydrazine cannot be entire-
ly eliminated and that the definitive attribution to N2H3
of the continuous absorption detected at shorter delays
will need more experimental evidence.
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Aqueous solutions of 10-5 to 10-4 M K3Co0(C204)3-3.5H20 in 3 X 10-3 M oxalic acid were flash irradiat-
ed. The results demonstrate the formation of two intermediary species, X and Y. Both decay in a mono-
molecular process, with rate constants & = 20 sec 1and kY = 87 sec 1. The spectra of both species are
given. Arguments are given to prove that X is formed by photodecomposition of Y. The thermal decom-

position of Y leads to the formation of the C204-

radical, which will either react very fast with

Co(C204)33X or, when no Co(C204)33~ is left after the flash, disappear by reaction with another C204-

species.

Introduction

The photoreduction of the trisoxalato complexes of tri-
valent transition metals such as Fe(llE), Co(lll), and
Mn(ffl) has been extensively studied for the past years.1
Most of the conclusions on the actual reduction mecha-
nism result from data on iron oxalate. A survey of the lit-
erature on the reduction of Co(lll) and Mn(lll) oxalates
reveals a more or less general tendency to preconceive a
similar if not an identical decomposition mechanism.

Although most of the data seem to confirm this as-
sumption, there is no clear proof that indeed the same re-
active species are present. Some of the conclusions on
Fe(C204)33" can nevertheless be very valuable in the in-
terpretation of specific data on the photoreduction of the
other oxalato complexes.

This paper reports on new flash photolysis data for
Co(C204)3B-. Their kinetic analysis shows that two pri-
mary intermediate species have to be considered. Their
relative importance depends on the reaction conditions.

Co(C204)33 was preferred over Fe(C204)33“ because it
has the advantage of yielding reaction intermediates with
spectra which overlap only partially with those of the ini-
tial and final products, as will be shown in this work.

Literature Survey on the Photoreduction of Cobalt and
Iron Oxalates

In view of their importance it seems logical to include
the data on the photoreduction of Fe(Cz04)33 in this
survey. A detailed investigation of the photolysis of
Fe(C204)33_ by Parker2-3 led to the well-known mecha-
nism

FeiCAhl- -
o,0/- + FelCAtr —

— »FeiCAb2* + CA'~ (D
FelCAh2- + 2o, (2)

Later, the photolysis of Fe(C204)33- was reinvestigated
by Parker and Hatchard,4 and their flash photolysis ex-
periments proved that the earlier mechanism could not
explain the observed transient signals. Reaction 2 was not
observed. They then proposed an intermediate species
that either could be a ferrooxalate ion attached to an oxa-
late radical or a ferrioxalate-oxalate radical. An alterna-
tive would be the formation of a binuclear complex

[Fe"<CA2A -C A'*-Fel<CA'J-U

The decomposition of the intermediate would then ex-
plain the first-order decay of the observed transient.

Recently Cooper and DeGraff5-6 made an extensive
study on the photoreduction of Fe(C204)33 , Fe(C204)2 ,
and Fe(C204)+ by means of flash photolysis. They accept
the revised mechanism of Parker as explanation for the
photoreduction reaction but they believe that these reac-
tions are very fast. The observed slower transients are ex-
plained as due to the decomposition of the Fe(ll) oxalato
complexes and the anation of Fe(C204)~(H20)m3" 2,

Jamieson and Perone7 on the other hand propose a
Fe(l11) intermediate as the primary product of the photol-
ysis. Reduction would occur in a later bimolecular step

h /0 —&
Fe<CA>r ~ [Fe(C.0,),i* —* (C,0.),Fe DL (A)
0— %
A)

A B (?
K ()

A+ Fe'COJ —»2Fe<C(>' + 20) + CA,
E Fe(CA

Some of their experimental results are in conflict with
other measurements, especially their observation that
FeOx33- disappears in a second-order reaction. This is in
contradiction with Parker and Hatcharc's data.4 Such
discrepancies between the conclusions of different investi-
gations clearly show that the problem of the reduction
mechanism for FeICM"OA3 is not yet resolved.

The photolysis of Co(C20 4)33- has received, up to now,
less attention. Copestake and Uri8 concluded from their
investigations that the photodecomposition follows the
same pathway as Fe(C204)33-, although the quantum
yield is found to be much lower (0.73 as compared to 1.3
for Fe(C204)33_). They proved the existence of an inter-
mediate radical species which they presumed to be the
C204- species. No flash photolysis experiments have
been done on Co(C204)33-, apart from some fragmentary
observations by Parker and Hatchard.4 They supposed
that the oxalate radical could eventually remain attached
to a complex with a bivalent Co, or bound in a binuclear
species. Dainton and Stranks9 suggest such a complex
plays a role in the charge transfer reactions between
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Co(l1) and Co(lll) complexes. Several authors have stud-
ied the photolysis of Co(C20 4)33~ in frozen samples in
order to accumulate the reactive intermediate species.
Shagisultanova and Posjnak1011 detected two radical
species in their epr studies after uv irradiation of a solid
Co(C20 433~ matrix at 77°K. One of the signals was iden-
tified as belonging to the H- radical. The other belongs to
an unknown radical. In the beginning of the photolysis the
unknown radical is predominantly formed. Later its signal
decreases as the H- radical signal increases. Their experi-
ments indicate that the H- radicals are formed by the
reaction

e~ + H+ —*= H'

The electrons are formed by the photoreduction of a radi-
cal species, formed subsequent to the photoreduction of
Co(C20 433~

eoiCAIr R

R wR + &
They conclude that R- is most probably not a free
C20 4~ species but rather an oxalate radical bound to the
Co(C20 422~ complex, similar to the radical proposed by
Parker and Hatchard.4 The occurrence of these two radi-
cal species H- and R- was confirmed by the experiments
of Eaton and Suart.12

Experimental Section

(@) Apparatus. A flash-photolysis apparatus of the con-
ventional type, inspired by the one developed by Parker
and Hatchard,4 has been constructed in the laboratory. As
actinic light source two hydrogen-filled flash tubes were
used. Two capacitors (20 /nF each) could be charged to 10
kV. The flash duration was between 10 and 20 nsec. The
reaction vessel was a fused quartz tube, length 20 cm and
i.d. 1cm, with optically flat windows sealed at each end.

Transmission was detected as a function of time, at
constant wavelength. From these data absorbance values
were calculated. As a detection light source a 450-W
xenon lamp was used, fed by a current stabilized power
supply. The detection system consisted of a Bausch &
Lomb high-intensity monochromator and a RCA 1P28
photomultiplier tube. To improve the signal-to-noise
ratio, only the first four dynodes were used. The others
were electrically connected to the anode. The signals
passed through an emitter follower (bandwidth 1 Mhz)
and were recorded by means of an oscilloscope.

The experimental procedure followed is very similar to
the one described by Parker and Hatchard.4

(b) Preparation of the Solutions. K3[Co(C20 4)3]-
3.5H20 was prepared as described in the literature.13
The molar extinction coefficients found were 600 nm 162
and e420 nm 219, in good agreement with the literature.8'14
A cobalt analysis by atomic absorption spectrophotometry
was likewise in agreement with the expected values.

Solutions were prepared by dissolving the 10-5 to 10 4
M K3[Co(C20 4)3]-3.5H20 in 3 x 10” 3M solutions of oxal-
ic acid. The solutions were deaerated by bubbling with
oxygen-free argon. All these manipulations were done with
dimmed red light illumination.

Experimental Observations

In the experimental part as well as in the discussion two
sets of data are to be clearly distinguished.
In the first set of experiments the initial concentration
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Figure 1. Transients at 600 nm for complete (a) and incomplete
(b) immediate conversion of Co(C204)33_.

and the flash energy were chosen so as to convert with one
flash discharge all the initially present Co(C20 4)33~ into
intermediate species, thus ruling out all reactions of the
intermediate species with Co(C204)3  Such conditions
will be referred to as “experiments with complete imme-
diate conversion.” In our experimental set up the lowest
initial concentrations used (4 X 10“5 M) required a mini-
mal flash energy of 320 J; for a concentration of 1.1 X
10“4 M 845 J was necessary to have complete immediate
conversion.

In a subsequent series of experiments the kinetics were
investigated when an important amount of initial reagent
remained unreacted immediately after the flash, allowing
the intermediate species to react with this excess
Co(C204)33-. Such conditions will be referred to as “ex-
periments with incomplete immediate conversion.”

(1) Experiments with Complete Immediate Conversion.
The spectrum of Co(C204)33 shows three absorption
bands with maxima at 254 (e 21,400), 420 (e 218), and 600
nm (t 165). It was observed that the intermediate species
produced by the flash pulse do not absorb at 600 nm. In-
deed, when, e.g., a 42 x 10“5 M solution is photolyzed
with a flash of 845 J, the absorbance at 600 nm drops to
zero within the time duration of the flash, and remains
negligible throughout the longest observation times (see
Figure la). This means that all the Co(C20 4)33~ is imme-
diately converted into intermediate species. The absorb-
ance observed in the 320-550-nm region is, in this case,
due only to the absorption of the intermediate species
produced by the decomposition of the initial reagent.

Curve b of Figure 2 shows the spectrum observed at the
end of the light burst when a 4.2 x 10~5M Co(C20 4)33~
solution is flashed with an energy of 845 J. The intersec-
tion around 390 nm is no isosbestic point; when either the
energy of the flash is increased, or the initial concentra-
tion of the solution is decreased, within the limits of com-
plete immediate conversion, the intersection point shifts.
This means that the transient absorption signal is due to
at least two intermediate species, whose concentration
ratio depends on the initial concentration ratio of the so-
lution and on the flash energy.

The decay of the transient signals observed in the wave-
length region from 320 to 600 nm has been measured in
order to establish their kinetic parameters.

(2) Experiments with Incomplete Immediate Conver-
sion. In these experiments the transient absorbance sig-
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Figure 2. Absorption spectrum of a 4.2 x 10-5 M Co(C2C4)3_
solution (a) before and (b) immediately after exposure to the
flash (optical pathlength 20 cm).

nals result from the intermediate species as well as from
the Co(C20,i)33~ remaining immediately after the action
of the flash.

Again, 600 nm was used as a specific monitoring wave-
length for Co(C2C#4)33 Figure 2 showed indeed that the
intermediate species do not interfere at this wavelength.
As can be seen from the comparison of Figure Ib and Fig-
ure la, the shape of the transmission signal changes dras-
tically when the primary photodecomposition is not com-
plete. Subsequent to the sudden drop in the Co(C2C4)33-
concentration due to the decomposition by the flash, an
appreciable amount is consumed in secondary reactions.

In order to investigate the kinetics of these secondary
reactions, the absorbance transients have been recorded
for initial Co(C20i)33_ concentrations varying from 1to 3
x 10 4M, using flash energies from 320 to 720 J.

The wavelength region from 320 to 600 nm was investi-
gated. The transients at 600 nm were not only used to
study the disappearance of Co(C204)33- but also to calcu-
late the spectral changes due to the intermediate species
in the region where their spectra overlap with the one of
Co(C204)33-. The absorbance due to Co(C20.i)33" was
subtracted from the measured signal using the 600-nm
data and the absortivity of Co(C2C4)33' at the wave-
length under investigation.

Discussion of the Results

(A) Complete Immediate Conversion of Co(C20D33~m
(1) Decay of the Intermediate Species. The Kinetic inter-
pretation of the data of CoiCM"CUh3 photolysis is facili-
tated by the fact that the final reaction products Co(ll)
and CO2 do not absorb at the wavelengths under investi-
gation. When all the Co(C204)33~ is converted immedi-
ately during the flash, the transient spectrum can only be
due to the intermediate reaction products. In conditions
of complete immediate conversion, the decay of the tran-
sient absorbance signal at any chosen wavelength does not
correspond to a simple first-order reaction. This is illus-
trated at 340 nm in Figure 3. The plot can be analyzed as
composed of two first-order decays

A “ Aoxe~N + A, vif*-

where AO,x and AQ.y are the absorbance values of the in-
termediate species X and Y present at the end of the flash
pulse (t = 0). This relation yields constant values for kx
and kY as can be seen in Table I, where some of the data
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Figure 3. Rate constants for the decay of the intermediate
species X (upper plot) and Y (lower plot).

TABLE I: Calculation of A, and k Values for the
Intermediates x and Y in the Flash Photolysis

of Co(CDYB*“

Monitor-

ing

Initial wave-
Co(Cﬂ)S@“ length, k\, Iv.
concn, M nm A0,X sec _| Ao,v sec 1
0.86 X 10"4 330 0.230 200 0.238 85.3
340 0.187 213 0.159 93.4
350 0.127 20 .0 0.144 90.0
360 0.095 19.7 0.130 93.1
3710 0.070 20.0 0.135 99.1
0.71 X 10" 330 0.211 20.8 0.190 85.1
340 0.148 18.6 0.152 75.2
350 0.122 19.4 0.109 84.4
360 0.081 20.0 0.089 825
370 0.077 18.3 0.111 89.6
0.57 X 10"4 330 0.173 20.0 0.145 73.4
340 0.143 21.6 0.091 91.1
350 0.103 18.3 0.079 86.0
360 0.072 18.7 0.072 86.4
0.42 X 10"4 330 0.171 235 0.080 94.8
340 0.117 235 0.064 7.7
350 0.090 204 0.051 87.0

a Flash energy = 845 J.

have been collected. The « x and ky values thus obtained
are independent of the monitoring wavelength and inde-
pendent of the initial Co(C20 4)33 concentration. The av-
erage values obtained from some 40 experiments at differ-
ent wavelengths between 320 and 600 nm and different
initial concentrations of CofCACMs3 are «x - 20 sec-1
and «y = 87 sec"1l. Standard deviations of the mean are
€ = 1.6 and cy = 5.4. This means that two species are
formed upon photolysis of Co(C2C4)33", disappearing in
two independent first-order reactions. It also shows that
there are no other stable or reactive species formed that
absorb between 320 and 600 nm.

Between 420 and 600 nm, AQ,x becomes so small that it
can be neglected as compared to AQ,y- Consequently, the
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TABLE II: Calculated Absorptivities and Initial Concentrations of the Intermediate Species X and Y

for a Flash Energy of 845 J

335 nm
ci X 105 M cox X105 M @y X 105 M ex ey
4.19 2.86 1.49 318 291
5.68 3.18 2.47 298 272
7.12 3.42 3.58 325 273
8.57 3.88 4.50 310 272
Av values 313 277

In A vs. time plots give straight lines in the 420-600-nm
region with a slope corresponding to kY. Previous experi-
ments never outlined the presence of the two distinct in-
termediate species X and Y observed here. Intermediate
X has probably not been detected in previous work since
little attention has been paid to experimental conditions
when all Co(C2C4)33~ is suddenly and completely con-
verted into intermediate species. As will be shown below
the ratio AO,x/AQy decreases sharply when the initial
Co(C204)33~ concentration is increased.

Parker and Hatchard4 observed that their calculated
first-order decay constants in the flash photodecomposi-
tion of Fe(C2C4)33~ varied by a factor of 1.8 when the ini-
tial concentration varied by a factor of 20. This variation
could well be due to the simultaneous decay of two
species instead of the one proposed by these authors.

(2) Absorptivities and Concentrations of the Intermedi-
ate Species. When complete immediate conversion into
intermediate species is achieved for a given flash energy
and for a given initial concentration of Co(C204)33 such
complete conversion will of course also be obtained when
higher flash energies are used. A systematic investigation
revealed however that, although the conversion is com-
plete for such experiments the absorbance immediately
after the flash is found to be a function of the flash ener-
gy. In fact the ratio AO,x/A o,y depends on the flash energy
as well as on the initial reagent concentration. High light
intensity or low initial Co(C204)33- concentrations favor
the formation of species X at the expense of species Y.
Although it is in general not possible to calculate the con-
centrations of two simultaneously present intermediate
species from absorbance data obtained in flash work, this
concentration dependence turns the present system into
one of the fortunate cases in which this can actually be
done.

For two experiments with identical flash energy but dif-
ferent initial concentrations cj?1 and .2 one has, provided
the immediate conversion is complete

c.i = (co.N] + (e,.v), (3)

where (c0.x)i and (cO,v)i are the concentrations of the in-
termediate species X and Y at time t = 0 and the initial
concentration Cj,i considered.

For the concentration Cj,2one can write

c,j = a(cox), + Wc(lY), (4)

where the factors a and b have different values, since the
concentration dependence of the two intermediates
species on c( is different. If one of the intermediates had a
binuclear structure the equations would have to be adapt-
ed in the proper way.

To calculate a and b the experimental values of Ao.x
and AQy are used. Indeed, one can write that at the con-
centrations ¢, ! and G,2

®)
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340 nm 345 nm 355 nm

ex ey «X ey X ey
237 213 203 187 145 152
225 210 151 155

204 187 150 149
237 211 144 158
233 211 204 187 148 154

(A Ix)>= exxa(el\)/ (6)

where | is the pathlength of the cell, and cx.\ the extinc-
tion coefficient of species X at wavelength A (Ao.x)i and
(Ao.xH are the AOQ,x values corresponding to the initial
concentrations Cj.i and Ci.2. Dividing these, one obtains

a — (AO0X) N Ag>)i )

Similarly from the absorbance data for the species Y it
follows that

b= (AnY)2(AQY), (8)

The concentration c0x and CGoy of the two intermediates
for a given initial concentration of Co(C204)33_ can thus
be computed from expressions 3 and 4. From the corre-
sponding Ao values at different wavelengths ex.x and tY,\
are easily calculated. This procedure can be repeated for
any set of absorbance values and should yield constant
values for <x and cY, if the assumptions made are correct.
Such a set of calculations is collected in Table I, for a se-
ries of experiments with a flash energy of 845 J. Table Il
gives only part of the data. It has been extended to calcu-
late the absorption spectra of the intermediate species.
Figure 4 gives these spectra together with that of
Co(C2C4)R3-.

The formation of species X is inhibited by the presence
of large initial concentrations of Co(C2C4)33 High flash
energies on the other hand, favor its formation. The de-
pendence of the ratio Co.Y/c0.x on the amount of initial
reagent can be visualized in Figure 5, using the data of
Table II. The following linear relationship is found: c0.Y/
fo.x = 1.39 x 104Q. This equation suggests that for high
Co(C204)33~ concentrations (10“3 M or higher) the con-
centrations of X will be neglibible as compared to Y.

(B) Incomplete Immediate Conversion of Co(C204)33~.
As already mentioned, Co(C204)33~ concentration vs.
time plots change considerably whenever, instead of hav-
ing complete immediate conversion, a large excess of re-
agent is left immediately after the flash. This is shown in
Figure Ib. In this case there is an important secondary
consumption of Co(C204)33~ at a rate comparable to that
of the disappearance of the intermediate species.

In order to find out whether this secondary reaction of
Co(C204)33_ is one in which one of the two intermediate
species X or Y is involved, the kinetics of these intermedi-
ates were investigated in conditions of incomplete imme-
diate conversion.

(1) Mass Balance of the System. When, e.g., a 29 x
1(H4 M solution is photolyzed with a 845-J flash, one ob-
tains the following results: initial Co(C204)33- concentra-
tion 2.9 x 10“4 M, amount decomposed by the flash 1.55
X 10 4 M, initial concentration of Y 1.37 x 10 4 M,
Co(C20 433~ decomposed by secondary reaction 1.07 X
10-4 M, Co(C2C4)33~ remaining after the experiment 0.29
x 10 4 M. The concentration of Co(C2C4)33~ was calcu-
lated from the absorbance data at 600 nm. The concentra-



Flash Photolysis of Potassium Tris(oxalato)cobaltate(lll)

Figure 4. Spectrum of CofCaOih3-, and of the two intermedi-

ate species.

Figure 5. Ratio Coy/Cox as a function of the initial

Co(C2C)4)33- concentration for flash energy of 845 J.

tion of Y was obtained from the absorbance at 500 nm.
Figure 4 shows indeed that at this wavelength Y is the
only absorbing species.

It is clear that the concentration of X is low as com-
pared to Y. Indeed, 88% of the Co(C204)33- decomposed
by the flash is converted into Y. This sets an upper limit
of 12% to the concentration of X and all eventual other
intermediates formed due to the presence of excess
Co(C20 4)33-.

(2) Kinetic Behavior of Species X and Y in the Presence
of Excess Co(C204)33-. The influence of an excess
Co(C2C4)3B3- on the kinetics of Y was investigated by
measurements at 500 nm. The decay at Y under these cir-
cumstances remains strictly monomolecular with a rate
constant of 80 sec-1. The good fit with the kY value of 87
sec-1, found from the fully independent complete conver-
sion experiments, has to be emphasized. This proves in-
deed that the main pathway for the disappearance of Y is
the same monomolecular reaction whether an excess
Co(C204)33- is present or not. This conclusion is in line
with Parker and Hatchard’s observation that no bimolecu-
lar process should be observed in the flash photolysis of
Fe(C204)33- .4

It is however in obvious disagreement with the observa-
tion of Jamieson and Perone,7 who did not observe a
monomolecular decay of the main intermediate species in
the photolysis of Fe(C204)33-. The investigation of the
kinetic behavior of X raises a problem. We have shown
that for experiments with incomplete immediate conver-
sion of Co(C204)33-, X is present in rather low concentra-
tions (12%). The combination of these low concentrations
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Figure 6. Concentration-concentration plots for Co(C204)33-
and Y at various initial Co(C204)33- concentrations and flash
energies.

with the absorptivities of X, which are comparable to
those of Y and Co(C204)33-, simultaneously present in
much larger concentrations, rules out the possibility for a
direct Kinetic study of X.

In the subsequent analysis of the system it is presumed
that the decay rate constant for X in conditions of incom-
plete immediate conversion is identical with the one
found for complete immediate conversion. It will be
shown that this assumption is correct.

(3) Kinetics of the Secondary Co(C204)33- Consump-
tion. For the reason just mentioned a bimolecular reaction
such as

Y + YofC.Ojj - —* products

is very improbable.

Nevertheless, there exists a relation between the rate of
disappearance of Y and the rate of secondary Co(C204133
consumption. This relationship is shown in Figure 6,
where for a number of initial Co(C204)33- concentrations
and different flash energies the actual CmC204)33 con-
centration is related to the corresponding concentration of
the Y species in the same solution at various times after
the flash. A linear relationship is found.

Its average slope is 0.9 except for the tv/o experiments
under conditions of near-complete immediate conversion.
This means that for each species Y which disappears,
0.9Co(C2C4)33- molecules are instantly reduced, indepen-
dently of the eventual excess of Co(C20 4).33 .

The reaction rate for the secondary conversion of
Co(C2C4)B- can thus be written as

d[Co(Cjo4))i_]/di = 0.9d[Y]/dt = 0.9 *y[Y]

To demonstrate this in a different way, the change in ab-
sorbance at 600 nm (where only Co(C20 4)33 absorbs) due
to this secondary conversion can be expressed as present-
ed in Figure 7. At is the absorbance at time t and Ae is
the final absorbance at t = ». Ln 1/(A, - Ae) is a linear
function of t, with a slope qcoin = 75 sec-1. The absorb-
ance due to Co(C204)33- at time t can be calculated from
the equation

A, = A, + (A0 - Ae)

Ao being the absorbance of Co(C204)33- immediately
after the flash. The kinetics of the observed secondary
conversion of Co(C204)33- can only be explained by a
scheme in which the intermediary species Y decomposes
into an unobserved species Z. This would in turn react
very quickly and almost exclusively with Co(C204)33-
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Figure 7. Calculation of the apparent rate constant for the reac-
tion in which a secondary amount of CofCjCUb3- is converted.

Y —* Z + products
Z + Co(C04)/~ —* Co" + products

The last reaction must be very fast compared to the first.
In this assumption Z should not be detectable spectros-
copically since it should not accumulate. Even in experi-
ments where a secondary conversion of Co(C204)33- is not
possible. Z has not been detected. Two explanations are
available for this: either the recombination reaction Z + Z
—* products is also fast, or, more probably, Z does not ab-
sorb in the investigated spectral region.

(4) Recalculation of the Transient Signal at Any Chosen
Wavelength. If the conclusions resulting from the Kinetic
analysis are correct, it should be possible to recalculate
any decay at any chosen wavelength using the absorptivi-
ties of the species Co(C204)33-, X, and Y, the rate con-
stants kx and ky, the constant qt-oiu, and the concentra-
tions of Co(C20.i)33“, X, and Y immediately after flash.
Such a test is most elucidative when applied to incom-
plete immediate conversion experiments, since in this
case one has to account for the secondary reduction of
Co(C204)33 as well as for the disappearance of possible
intermediate species.

The absorbance At at a time t after the flash would
then be

A = 4, + A, xe~*r+ A0Ye-*Vv + <A0Ql, - Ae)e

All A terms refer to absorbances at the wavelength X The
various symbols have the following significance: At is the
overall absorbance at any time t, t = 0 at the end of the
light emission by the flash; Ae is the final absorbance due
to the remaining Co(C204)33- at the longest observation
times; AO.coin. Ao.x, and AQ,y are absorbances at time t
= 0 due to respectively excess Co(C204)33- and the inter-
mediates X and Y; (jcoiii, k\, and ky are constants for the
decay rates of the species referred to, the average values
used are respectively 75, 20, and 87 sec- 4.

Figure 8 shows both the calculated and observed At
values for a monitor wavelength of 340 nm, an initial
Co(C204)33- concentration of 2.9 x 10-4 M and 845-J
dissipated flash energy. The good fit between the two
kinds of values speaks favorably of the interpretation
brought forward. It does even more so, if one keeps in
mind that the values of k\, ky, «x, and tY used are the
averages from the complete immediate conversion experi-
ments.

(5) Mechanism for the Photodecomposition of
Co(C204)33-. It is not possible to fit all these kinetic data
into one of the mechanisms quoted in the Introduction.
One should indeed account for the following observations.
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Figure 8. Comparison between a measured and a calculated
transient signal at 340 nm.

(1) The Co(C204)33- decomposed during the flash is
transformed into two reactive intermediate species, X and
Y. Their relative concentrations depend on both the con-
centration of the initial cobalt complex and the flash en-
ergy used. In conditions of complete immediate conversion
both species are present in comparable concentrations.
When excess Co(C204)33- is available Y is the predomi-
nant form. (2) Both X and Y decay tnrough a first-order
process, no matter whether Co(C204)33- is present in ex-
cess or not. (3) When sufficient unreacted Co(C204>33- is
left at the end of the flash, a second amount of
Co(C204)33- is decomposed at a rate 0.9 times that of the
decay of Y.

The first of these experimental observations can be ex-
plained by two types of mechanisms

Co(CAX [COICAh3]* —p = — M
followed by
M
mCo(CA)j —m" =X @)
or
M—mY —mX (b)

Reaction a is to some extent similar to that proposed by
Parker and Hatchard for the flash photolysis of
Fe(C204)33 - .4 Parker did not consider however the even-
tual formation of a second intermediary species corre-
sponding to X.

In the case of Co(C204)33- the reaction product of M
with Co(C204)33- could have a structure of the form

[CoVAIrOCO-COO-ColtC A>,r

Although such a mechanism eventually could account for
the data when all the Co(C204)33- is immediately con-
verted by the flash, it cannot explain the secondary con-
version of Co(C204)33- .

The decomposition of this binuclear complex will in-
deed produce stable reaction products

[Co"(C.A)-OCO-COO-Co™(CA)I_ —

200(11) + 5CAJ + 200,
None of these reaction products can reduce another
Co(C204)33- molecule. Reaction a is thus in conflict with
the experimental observation that Y, when decomposing,
produces a species that is so reactive toward Co(C204)33-
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that both the secondary conversion of Co(C2C#4)33~ and
the decomposition of Y proceed at equal rates. Therefore
reaction b is preferred. In this reaction the intermediate
species Y is photochemically active.

The presence of an excess CofCACDs3- will inhibit the
formation of X by its inner-filter effect. This scheme is in
fact the same as the one witheld by Shagisultanova and
Posjnak10 11 (see Literature Survey) on the basis of a fully
different kind of work.

Our spectroscopic data give no direct indication as to
the indentity of Y and X. There are however a number of
arguments which can be enlighting as to these identities.
It is improbable that Y would have a structure such as the
nonreduced species proposed by Jamieson and Perone7 for
Fe(C204)33~ (see also Literature Survey). In our opinion
such a nonreduced species should be very short lived. In-
deed, a species with biradical character such as

/0 —C=0
(C.04),Con
a —C=0o0
having both radical fragments linked in each others vicin-
ity to the same metal atom, should show an outspoken
tendency to recombine, thus yielding the initial reagent.
Our complete immediate conversion experiments rule out
such a back reaction.

Since our experiments also rule out the possibility of a
binuclear species, and in view of the well-established lig-
and-to-metal charge transfer nature of the actinic light, it
seems logical to propose that the primary photochemical
act will be the transfer of an electron from the ligand to
Co(lll) leading to an intermediary species with the struc-
ture [Co2+ (0204)20204 -~]3-. Such a structure has al-
ready been proposed as intermediate in the photoreduc-
tion of Fe(C204)33~.4 This species would, upon irradia-
tion, produce species X. It is much more difficult to pro-
pose a structure for X. The work of Shagisultanova and
Posjnak1011 suggests that the reactive intermediate in the
photolysis of Co(C204)33~ undergoes a second photochem-
ical reaction, producing a solvated electron. This leads us
to propose the following reaction

[Co2+(CD/“ >2(CA-“)r ~
[Co2+(CD L2)(CD4-)F2 + e~
The two monomolecular decomposition reactions of these
intermediates will then be
X = [Co-+(Cd&-*acv-)j- —- [co2(cDdDL~)Xx + 200,
Y = [Co2+-(CD2L >A04 -r — » [Ca+HCD4L~),]2- + CA--
When no excess Co(C204)33- is present the oxalate radi-
cal (species Z) will disappear in a dismutation reaction
with its own species. If however there is Co(C2C4)33_ left

after the flash photolysis there will be a very fast reduc-
tion of asecond Colll
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tv.CO.,> + CA-- —~ *o'( 1m  + 2C0,
This reaction must be fast since Co(C204)33~ disappears

with the same rate as the decomposition of Y.

Conclusions

In conditions of incomplete immediate conversion, the
reaction mechanism proposed by Copestake and Uri8 is
gualitatively in agreement with our results.

When very high light intensities are used or very low
initial reagent concentrations, another intermediary
species is observed. Its formation can only be explained by
accepting that it results from the photolysis of the pri-
mary radical. This biphotonic process can be observed
only when the CofC~CDs3- concentration has become
sufficiently low to avoid its inner-filter effect.

The complete reaction scheme is

(VG A! B Tl -y

A X
YcT
N"Co2+ CA"

" (fast)
CD4" + CotCAV -—- - (vCo. + 2CA + CA"-
X —"m reaction products

204" —- CA2 + 20:

There are sound arguments to accept that the structure of
Y is [Co2+ (C2042_i2 C204<=-]3-. In line with this, the
structure of X would be [Co2+ (C20 42 ) (CNCA-)2]2' .
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Hydrogen atoms react with both ferro- and ferricyanide. The reaction with ferrocyanide, previously un-
known, proceeds with a rate constant fe(H + Fe(CN)64-) = 4 X 107 M 1 sec-1, independent of pH in
the range 1-8. This reaction is followed by two consecutive processes, of which the first one is first order,
while the second one is a reaction of an intermediate with ferrocyanide ions. Aquapentacvanoferrate(ll)
was identified as a final product. All the intermediates reacted with ferricyanide. The nature of the reac-
tion products is discussed and the rates of the various processes measured as a function of pH are given.
Hydrated electrons react only slowly, if at all, with ferrocyanide ions, fe(eag- + Fe(CN)&4-) < 7.5 X 104
M-1 sec-1. Low yields of aquapentacyanoferrate(ll) (—10%) are produced by reduction of ferricyanide

ions by H atoms and eag- at neutral pH.

Introduction

In the present manuscript we would like to present re-
sults which demonstrate a novel reaction of hydrogen
atoms with ferrocyanide ions and to discuss the sources of
Fe(CN)sH203- formation in irradiated ferro-ferricyanide
aqueous solutions. The radiation chemistry of the ferro-
ferricyanide system has been discussed in a previous
paper,land in the references cited therein.

Experimental Section

The experimental procedure has been previously de-
scribed.1

Results

Ferrocyanide-Acid Solutions. General Features. When
ferrocyanide solutions (>10—3 M) are pulse irradiated,
OH radicals react according to reaction 1 during the elec-
tron pulse. Fe(CN)64- and Fe(CN)63- include also the vari-
ous protonated forms of ferrocyanide and ferricyanide,
respectively.12

OH + Fe(CN)&t* — m OH + Fe(CN)6“ @

In acidic solutions, the fast oxidation of ferrocyanide
ions by OH radicals is followed by additional changes in
the optical absorption in the range 400-600 nm. Three
consecutive processes can be observed after the electron
pulse. This is demonstrated in Figure 1 for 10- 2 M ferro-
cyanide solutions at pH 1.5. Relatively fast formation of
absorption is observed at 470 nm (process I). This is fol-
lowed by decay of absorbance at 550 nm and a simulta-
neous formation of absorbance at 420 nm in the 101-102-
Msec range (process Il). Process Il is followed by additional
formation of absorbance at 420 nm, simultaneously with
decay of absorbance at 480 nm (process I11).

The kinetics of processes I, Il, and Ill, and the spectra
at the beginning and at the end of each process, depend
on pH. At all acid pH values, processes | and Ill are first
order in ferrocyanide, while process Il does not depend on
the ferrocyanide concentration. Addition of ferricyanide
prior to pulse irradiation enhances processes Il and IlI,
and decreases the changes in absorbance in all three pro-
cesses. A similar enhancement is observed upon increasing
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the pulse intensity. Saturation with N20 (at pH >2) par-
tially suppresses all three reactions.

The absorbance obtained at the end of process Il de-
cays partially (~30% at 480 nm) within a few seconds
(experiments were carried out in the pH range 1.8-2.5).
This is observed at wavelengths >443 nm (practically no
change is observed at 420 nm), when [ferrocyanide] > 0.05
M. No systematic measurements were carried out for the
investigation of this process (process 1V).

The chemistry of the system can schematically be rep-
resented by the following equations

(process 1)
H + ferrocyanide —* X, 2
H + ferricyanide —* H+ + ferrocyanide 2"

(process 1)
X, — Xn 3)
X, + ferricyanide —* Y 39

(process 1lI)
Xu + ferrocyanide —* Xm 4
Xn + ferricyanide — = Z 4

Rate Constants. Rate constants were measured from
plots of log (Di - Dt) us. t (where Dt is the absorbance at
the end of process i). These plots were linear for all three
processes (I, Il, and IlI). From such plots and Table I, the
reaction rate constant ky = (3.9 £ 0.6) x 107 M~ 1 sec- 1

Id be calculated for the pH range 1.0-3.3. (At pH <1,

decreased somewhat.) The apparent rate constants for
processes Il and Ill, fen and feni, could be obtained as
well. The time separation between processes Il and IlI
varied according to the ferrocyanide concentration and the
pH. In the cases where the separation was relatively poor,
only the first part of process Il and the last part of process
111 were analyzed. In such cases Dn values were chosen so
that log {Dt —Du) over 50% linear with t. The reac-
tion rate constantsV\kag and &1 which resulted were in
agreement with those calculated from experiments in
which there was a good time separation. The apparent
rate constants ren and reni, Obtained at various pH values
and concentrations of ferrocyanide and ferricyanide, are
presented in Table Il (see paragraph at end of text regarding
miniprint material).
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TABLE I: Measurements of k; in Acidic Solutions®
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TABLE 11

The apparent reaction rate comstants kyy and kyyy(*)

N 2 -7, 6] m
[KiFe(CN)], = 10*[H-SO4], @ 10 77k, {Ferricyanide] ®  u,s0,1 pH(?)  puise 107 kg o 1072 gy 10ty o) wtogn)
M M pH M ~1sec—! 103D°¢ M M intensity(d)  sec’! sec’!
0.02 0.5 3.3 3.5 41 .01 M FERROCYANIDE
0-02 1,0 2.8 3.4 41 £ 0.0025 3.5 6.0 0.22 0.29 4.0 68-16 (550) 666-785 (430)
2.0 x 10° " 60 0.43 0.64 6.2 $8-12 (550) 329-373 (440)
0.02 1.5 2.4 3.9 39 £.0x10°° U 60 0.65  0.76 8.0 47-8 (550) 248-271 (440)
0.02 2.0 2.1 3.9 37 - . 0.00s 2.9 1ms 043 022 1.7 s8-1 (580) 1180-1390 (430)
-4
1.0 x 10 “ 1.3 132 075 43 32-0 (580) 308-377 (430)
0.02 3.0 1.8 3.8 43 - 0.02 1.8 1.3 1.81 013 0.39 84-12 (550) 86-52 (S00)
0.02 5.0 1.5 3.4 44 1.0x 1074 " 11.3 4.04 0.61 0.58 28-2 (555) 269-306 (430)
z 0.04 1.5 1.3 2.8 o1 0.14 | (410-660) (390 -510)
0.02 10.0 1.2 3.9 45 s I fig-6
1.0 x 10 1.3 5.90 0.57 0.45 23-3 (555) 251-281 (430)
0.02 20.0 1.0 4.1 45 - 010 1.2 1.3 4.60  0.07 0.088  42-11 (550) 102-52 (480)
-5
4.0 x 10 " €.0 s70 025 0.l 28-11 (550) 304-335 (430)
0.02 50.0 0.7 2.8 44 2 0.30 0.8 1.3 5.98  0.04 0.068 17-¢  (555) 153-69 (475)
0 . 05 1 . 5 3 » 0 4 . 3 60 2.0x 107 = 11.3 10.7 0.46 0.087 65-79 (470) 77-50 (475)
0.0: M FERROCYANI DE
005 15 30 34 123 2.0 x 1075 0.0025 3.8 6.3 0.81 0.70 51-3  (600)
0.05 2.5 2.5 4.1 59 0x 1078 " 0.3 124 0.81 44-3 (600)
- 0.005s 3.3 5.8 0.25 0.3z 15.0 56-22 (550) 615-688 (420)
0'05 4'0 2‘0 4'3 58 2.0 x 104‘ ¥ 14.8 4.74 0.96 23-2 (575)
0.05 7.5 1.6 4.0 60 s 0.01 2.8 5.2 0.38  0.15 38-3 (550
4.0 x 107 " 5.3 11z 071 7.0 52-3 (600) 445-541 (430)
0.05 7.5 1.6 3.6 120 s 0.015 2.3 3.2 0.88 0.08 38-3 S
0.05 15.0 1.8 3.9 65 2sx 107! " 14.8 6.80 0.88 ¥ ey
0-10 8-5 1.9 4.1 55 0. (S M F ERROCYANTI DE
-5
. 2.0 x 10 0.005 3.7 6.7 146 0.92 64-5 (600
¢ Each value represents an average of three-seven measurements in the el “ e e b Eoon;
range 480-550 nm. The results are corrected (<5%) for the competing re- - 0.015 3.0 4.3 0.59 0.17 3.0 79-7 (550) 556-728 (420)
action 2’.3 ® Measured. ¢ At 420 nm, at the end of process I. These optical 4.5 0 g0 Biptsi 20 ,Z: :i; :;i 69.1 122;2.552?” (490,500)
densities can be used for the estimation of the dose. The absorption is al- ’ 5 ’ ’ ) ’ Fig.e fig.8
: g 2 3 5.0 x 10 " 15.8 16.1 0.97 20-1 (575)
mo: 3
st entirely due to reaction 1 (see Figure 1). Light path 12.2 cm. _ 0.025 2.8 03 0.82 0.1z 9c-6 (550)
s.0x 107 " 15.8 1.7 0.94 30.0 27-1 (575)  61-41  (490)
- 0.04 2.0 4.3 1.28 0.14 75-2 (550)
a 7 1 T ] |' d T 1 1.0 x 10‘] = 15.8 41.6 0.97 12.6 1¢-4 (550) 36-21 (490)
o ] 420 om + 2 850 nm 0.10 M FERROCYANIDE
: 0.025 3.0 3.8 0.95  0.16 49.3 55-0 (600) 88-130 (480)
== w - -+ - - " 9.0 .25 0.36 112-7  (600)
“ 1.0 x w': " 11.6 6.25  0.87 185 87-2 (600) 337-306 (480)
= T 1 T—1—T 09% 5.0 x 107 " 16.3 25.0 0.97 28-3  (575)
L - - 0.05 2.4 9.4 1.43 0.08 39.4 168-14 (550) 148-195 (430)
? i Y B B i e Sty " 15.0 1.92 0.31 41.0 (szo-s;n) “éf'“o)
- ig. 8.7
—- e o 32% — - § I Q! 5.0 x 10°° L 9.4 3.02 0.56 69.1 162-15 (550) 115-137 (430)
i N ; ' 1.0 x 107 “ .4 4 0.72 4.0 108-16 (550)  99-122 (430)
=t et ¥ “ SE 4 10x107! 2 1.6 5.35 0.75 94.7 €3-0 (600) 787-935 (440)
A:T&—.Q'ﬁ\’m) " 4 - ) 47 2.0 x m:: L 9.4 8.58 0.85 ©6-14 (550)
T v- (Speec) | 5.0 x 10 - 16.3 18.1 0.93 511 (575)
S s | L "iL"‘ | &y 0.05 2.2 5.8 1.55  0.09 30.8 50-3 (600) S18-851 (420)
T 7 1.0 x 107 " 11.6 5.62 0.75 63.3 93-0 (600) 787-944 (440)
bI 470 nm e 420 nm - 0.085 1.9 5.8 3.16  0.04 18.8 70-4 (550) 508-910 (420)
1 e - 1.0 x 10-‘ - 11.6 'Lll? 0.57 30.8 78-0 (600) 783-946 (440)

% ABSORBAYION —=
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Figure 1. Oscilloscope traces of deaerated 10 ~2 M ferrocyanide
solutions at pH 1.5.

-

The reaction rate constants ks, k3, k4, and k4 can be
evaluated from Table II, using eq I and II.

ky = k; + ky[ferricyanide] @
kg = ky[ferrocyanide] + kg[ferricyanide] an

In Figures 2 and 3 we demonstrate the dependence of
ki1 and kyyp on [ferricyanide] according to eq I and II. The
concentration of ferricyanide at each process was calculat-
ed with the aid of the appropriate reaction rate constants
and yields, and using « values from Table II. From the
slopes and intercepts of figures such as 2 and 3 it is possi-
ble to determine k3, k3, ks, and k4 . Figures 4 and 5 sum-

(a) Light path 12.2 ca. Each value in the table is an average of 3-7 determinations.

(b) Before pulsing.
(c) Measured.

() In units of micromolar ferricyanide which are produced by reaction 1. The values

Goy = 3-27, 3.40, 3.62 and 3.72 for 0.01, 0.02, 0.05 and 0.1 M ferrocyanide,
respectively (*), were vsed for the calculations of [ferricyanide], whenever it was
based on dosimetry.

(e) Defined as the fraction of X; which reacts with ferricyanide in process I1. It was

)
calculated taking into account resction 2' (see later in the tex:) and assuming

G(H) = 3.73 for 0.01 M “errocyanide and 3.75 for higher conceatrations (¥ .

(f) The number in parenthesis is the wavelength at which the measurements were carried

out.

marize the effect of pH on these rate constants. The rate
constants k4 and ks were determined only from experi-
ments in whicha <0.8.

Absorption Spectra. The absorption spectra of the prod-
ucts of processes I-III depend on the pH and on [ferrocy-
anide]. This is- demonstrated in Figures 6-8. Corrections
were carried out for the, fraction of absorbance due to fer-
ricyanide (see the previous section and Table II).

Ferrocyanide Neutral Solutions. Reactions of H Atoms.
When neutral solutions of ferrocyanide saturated with
N5O are pulse irradiated, reaction 1 is followed by addi-
tional changes to absorbance. These changes are relatively
small, and are observed only at relatively high (=10-2 M)
ferrocyanide concentrations. Thus, using a solution of
10-2 M ferrocyanide, we observed a decrease in the ab-
sorbance at 420 nm, and an increase at wavelengths great-
er than 450 nm. Two processes could be observed. One of
them was observed in the microsecond time range, and we
attribute it to process I. The other process was found to be
dependent on [ferricyanide] and to be independent of
the ferrocyanide concentration. The absorption at the end

The <ournal of Physical Chemistry, Vol. 78, No. 14, 1574
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I): O, 0.01 M ferrocyanide, pH 3.5 [ferricyanlde] and An are
multiplied by 10 in the figure; A, 0.05 M ferrocyanide, pH 3.0;
* ,0.1 Mferrocyanide, pH 3.0; O, 0.1 M ferrocyanide, pH 2.4.

Figure 3. Effect of ferrlcyanide on process Ill (data from Table
I): O, 0.01 M ferrocyanide, pH 3.5; O. 0.1 M ferrocyanide, pH
2.4.

of the second process was found to be stable in the range
480-550 nm for at least 0.1 sec. The spectrum indi-
cates that FeICNJs~O3-, known5 as a stable irradiation
product, was formed as a final product.6'7 We attribute
the second process to reaction 3'. The Kkinetic treatment
yields k3' = (2 + 1) X 109 M~ 1 sec-1, which is in agree-
ment with the results in acid solutions. Unlike the acid
solutions (which will be discussed later) Xi in near neu-
tral pH’s produces an equal amount of aquapentacyano-
ferrate(ll) (it was tested in 0.1 M ferrocyanide solutions).
For the determination of k2, we carried out competition
experiments for H atoms between ferrocyanide and 2-pro-
panol. It can be shown that the hydrogen yield in such so-
lutions is expected to follow eq HI where G(H2) is the experi-

1/(G(H2 - ¢.2 =
1/ GH(Q + &fFe(CN)64 ]/£ 5[2-propanol])  (I11)

mental yield of H2, GF2 is the so called “molecular yield”
of H2, Gh is the radical yield of H atoms at neutral pH,
and k5 is the reaction rate constant for reaction 5. G(H2)

H + CHICHOHCH3 —* H, + CH3COHCH3 ®)
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Figure 4. Dependence of k3 and k3 on pH: ferrocyanide con-
centrations (M) O, =, 0.01; A. A, 0.05; . v,0.02; O, «, 0.1.

Figure 5. Dependence of kt and k/ on pH: O, =, 0.01 A4 ferro-
cyanide; O, ¢, 0.1 Mferrocyanide.

= Gh2 = 0.42 + 0.02 was measured in the absence of 2-
propanol over a wide range of ferrocyanide concentrations
(10 3to 0.5 M) in neutral solutions and in acid solutions
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Figure 6. Spectra (processes I-1llI) for 0.01 M ferrocyanide so-
lutions at pH 1.5: (a) optical absorptions at the end of each pro-
cess; (b) optical absorptions corrected by subtraction of the fer-
ricyanide absorbance (see Table Il for the dose); (O) spectrum
at the end of process I; (A) spectrum at the end of process II;
(0) spectrum at the end of process Ill; [X,] = 89 X 10-6,
[Xu] = 7.9 X 10-6, [Xm] = 6.3 X 10-6, [Y] = 1.0 X 10 6,
[2Z] = 1.6 X 10" 6M.

(5 x 10“2 M ferrocyanide in 0.15 M H2S04). A plot of 1/
(G(H2) - GH2) vs. [Fe(CN)64_]/[2-propanol] yielded a
straight line as demonstrated in Figure 9. From Figure 9,
k2 = (4.4 £+ 0.8) x 107 M~1sec- 1 can be obtained, based
on kb = 7.2 x 107 M- 1 sec-1.8 These competition experi-
ments were carried out using a 137Cs 7 source, with a dose
rate of about 2000 rads/min and a total dose up to 105
rads.

An upper limit, 100 M~ 1 cm- x, for the extinction coef-
ficient of Xi at 420 nm could be estimated from pulse ra-
diolysis experiments.

Reaction with eag . Solutions of 0.2 M ferrocyanide and
0.5 M ethanol were argon saturated and pulse irradiated
at high ionic strength (1 M Na2SC+). The addition of eth-
anol had the purpose of eliminating the ferricyanide for-
mation by reaction 1. An upper limit, &eaq_ + ferrocya-
nide) < 7 x 104 M~1 sec- 1 could be estimated from the
rate of decay of eag- (followed at 580 nm). This is in
agreement with the limit of 105 M~ 1 sec- 1 reported pre-
viously.9

Reactions of Ferricyanide lons. Reaction with Hydrogen
Atoms. The rate constant for the reaction has been deter
mined previously3as k = (6.5 £ 0.5) x 109 M~1sec- 1in
acid (pH 2) solutions, where ferrocyanide was present as
an OH scavenger. We determined this rate constant over a
wide range of HCIO4 concentrations (pH 0.4-3.2) as (5.5
+ 0.4) x 109 M-1 sec-1. Corrections were carried out for
the competing reaction 2 and recombination of H atoms.
When we carried out such corrections for the previous re-
sults,3 a value of (6.0 + 0.8) x 109 was obtained. The

1371

Figure 7. Spectra (processes I-11lI) for 0.1 M ferrocyanide solu-
tions at pH 2.4. Process Il Is not well separated from process lIl.
See Figure 6 and Table Il for explanations: [Xi] = 144 X 10“b
[Xu] = 99 X 10 6, [X,i] = 83 X 10-6, [Y] = 45 X 10-5
[Z] = 1.6 X 10-6M.

mean value of all the results is (5.8 £+ 0.6) x 109 M -1
sec- 1

Absorption measurements at 480 nm, where aquapenta-
cyanoferrate(ll) has optical absorption (€ 200 M~1
cm- 167 at pH 2), showed that not more than 2% of the H
atoms reacted according to reaction 6 at pH 2 (102 M
ethanol was added to eliminate OH radicals).

H + Fe(CN) Fe(CN)H03_ + HCN (6)

In neutral solutions, about 10% of the H atoms reacted
according to reaction 6. (N20 and tert-butyl alcohol were
present at sufficiently high concentrations to eliminate
eaq_ and OH.)

Reaction with eaj- . The reaction rate constant had
been determined by Gordon, et al.10 Dorfman and Mathe-
sonll have shown that if log k is plotted vs. t+/2/ (1 +
2fj1/2), a straight line is obtained with a slope = 3 when m
is low. At higher ionic strength (m > 0.03) the slope tends
to the value of 2, as ferricyanide associates with K+ or
Na+. We reexamined the reaction and evaluated the rate
constant for KFe(CN)62- from a plot according to eq 1V,
which was used before.1

O8eqpt 0 I [KFe(CN)62-] (V)
[Fe(CN)(h * Fe(CN)61- A KFe<CN)6* [Fe( CN )EB ]
where

a= 10.-3.06/1 I+ 2m )
o _ j,03Rw/(l + 2w

keXpi is the experimental value, where k° is the rate con-
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Figure 8. Spectra (processes I-IlI) for 0.05 M ferrocyanide so-
lutions containing 2.5 x 10'4 M ferricyanide at pH 3.0. See
Figure 6 and Table Il for explanations: [X|] = 9.1 X 10'6, [Xn]
= 0.6 x 10'6. [X|,|]] = 0.3 x 10 6, [Y] = 85 x 10'6, [Z] =
0.3 X 10-6M

stant at m =0. The rate constants k- obtained were 2.4 x
10® for Fe(CN)63~ (in full agreement with 2.5 x 10® M~ 1
sec' 141) and 2.7 x 10®M ' 1se c 1for KFe(CN)62~

Optical absorption measurements at 480-550 nm in
deaerated neutral solutions of 10" 4 M ferricyanide + 10 4
M ferrocyanide + 1 M ethanol and 5 x 10'4 M ferricya-
nide + 1M 2-propanol were carried out. It was found that
about 12% of the eeq' reacted according to reaction 7.

eatr + Fe(CN>6“ Fe(CN),Hi), + CN- ()]

Discussion

Reduction of Ferricyanide lons by H and eaq~. The
reaction of H atoms with ferricyanide may well involve an
addition of the H to the ligand, followed by electron
transfer. Halpern12 suggested a general mechanism for re-
duction by H atoms

Fe2xX" + H —  [Fe'+—X- —H] —» Fe2XH (8)
Fe2tXH + HD — Fe2X- + H,0+ (9)
Fe2ixH + HO — Fe2-HD + HX (9)

This mechanism is in good agreement with
assuming reaction 8is rate determining. As the Fe-CN
bond is strong, reaction 9 is more important as compared
to (9). In acid solutions, the asociation of the intermedi-
ate Fe2+XH with H30+ would probably strengthen the
Fe-CN bond, as is the case in ferrocyanide,13 thus pre-
venting reaction 9' almost completely. This is in agree-
ment with the negligible yield of aquapentacvanoferra-
te(11) in acid solutions.

The reaction of eag- with ferricyanide is a diffusion-
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Figure 9. Competition between ferrocyanide (0.1 M) and 2-pro-
panol for H atoms.

controlled electron transfer reaction.14 As for many com-
plexes, 14 there might be tunneling of the electron from the
water to a d orbital of the metal. In such a reaction an ex-
cited state, Fe(CN)64-*, may be formed as an intermedi-
ate,14 which by monomolecular dissociation will form to
some extent the aquapentacyanoferrate(ll) complex.

Reaction of H Atoms with Ferrocyanide lons. The re-
sults presented in the previous sections show that H
atoms react with ferrocyanide (reaction 2). There are rea-
sons to propose that Fe(l) complexes are formed as a con-
sequence of this reaction. Such a complex has been pro-
posed previously in the electrolytic reduction of ferrocya-
nide, in the presence of excess of cyanide ions.15 The reac-
tion of H atoms with ferrocyanide, with the subsequent
formation of aquapentacyanoferrate(ll), has also been pro-
posed.16

It might be argued that H atoms oxidize ferrocyanide,
either via the H2+ mechanism17 or via hydride forma-
tion.18 However, in such a case reaction 2 is expected to
be enhanced by H+, contrary to our observations. More-
over, material balance would require that H2 and some
form of ferricyanide would be produced. This is again in
disagreement with the data, (a) No ferricyanide was ob-
tained after the termination of reaction 1. (b) No absorp-
tion which could be attributed to Fe(CN)5H20 2 was ob-
served at 565 nm, which is the peak absorption of this
Fe(lll) complex.19 (c) The hydrogen yield in the absence
of organic scavengers and ferricyanide was identical with
the so-called “molecular yield.” Moreover, the product of
reaction 2 reacts with ferricyanide ions, in agreement with
the assumption that it is a reduction product. Another

ourresulgassibility that might be argued, is the addition of H

atom to the -O~N bond and subsequent oxidation of the
ligand. Such reactions possibly take place when H atoms
or OH radicals react with free CN' (with rate constants
of about 3 X 10® M~ 1sec-1 20). However, product analysis
showed that CN' is formed in an equivalent yield to the
aquapentacyanoferrate(ll) complex,5 ruling out significant
amounts of oxidation products.

We propose that X, is identical with Fe(CN)6H4 , so
that reaction 2is in fact reaction 10
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H + Fe'(CN)- — » Fe(CN)sH' (10)
Reactions 3and 3' become 11 and 11', respectively
Fe(CN)sH3- — » Fe'(CN )3 HCN 11
Fe(CN)sH*“ + Fem(CN)/_— »i2Fell(CN)3- + H+ (1Y)
or

Fe“(CN)33 + Fe'(CN)6~+ HCN

Reactions 4 and 4' become 12 and 12'. respectively
Fe'tCN )% + Fe"(CN)&& — » Fe'”CN)/- + Fe'tCN)/' (12)
Fe'(CN)54 + Feln(CN)/* —* Fen(CN)3 + Fe'kCN)/- (12)

Reactions 10 and 11 can be explained in a way which is
schematically similar to the ferricyanide reduction (reac-
tions 8 and 9). The H atom adds to the ligand CN- (reac-
tion 10) producing the radical (NC)5Fe-6=NH. We as-
sume that the bond Fe-CNH is weak (in comparison with
the Fe-O”MN bond in the normal complexes) and it
breaks according to reaction 11. Aquapentacyanofer-
rate(ll) is produced in reactions IT, 12, and 12', as it is rea-
sonable to assume that Fell(CN)s3_ becomes very quickly
hydrated.

All the reaction rate constants are expected to be pH
dependent, due to possible protonation of the reactants.
As the reactions 11, 11', 12, and 12' are between charged
species, ionic strength effects are also expected. The rate
of reaction 11 is linearly dependent of [H+], It is perhaps
due to a catalytic effect on the breakage of the Fe-CNH
bond.

We do not know the fate of FeHCN)65~ formed in reac-
tion 12. It is probably oxidized by ferricyanide or H202 to
yield ferrocyanide ions, within a few seconds or even later.
Due to light instability and photolysis, we were unable to
investigate this possibility.

Process 1V, observed at high ferrocyanide concentra-
tions, may be the equilibrium which was proposed by Em-
schwiller7'21

FefcN),4- + Fe(CN)sHX)3 A
(NC)sFe(CN)Fe(CN)5"* + H,0 (13)

It might be argued that H202, formed as a radiation
product (G ~ 0.7), can react with the various Fe(l) com-
plexes. Changing the pulse intensity (and hence [H202])
at various Fe(CN)64- and Fe(CN)63- concentrations gave
no evidence for such reactions as being important under
our conditions.

Spectra in Acid pH. According to the mechanism pro-
posed, the spectra in Figures 6-8 must be assigned to
aquapentacyanoferrate(ll) which is formed via reactions
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IT, 12, and 12', along with other products. Optical ab-
sorbance is indeed produced in the range where the aqua-
pentacyanoferrate(ll) is known to absorb. However, a
guantitative examination shows that the aquapentacyano-
ferrate(ll) is not the only absorbing product. Other prod-
ucts may have t <300 M~ 1cm- 1in the same range. Since
the absorption of aquapentacyanoferrate(ll) is known at
the various pH values,6,7 it is possible to estimate the ex-
tinction coefficients of the radiation products from Figures
6- 8.
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Dynamic and Static Quenching of the Tris(2,2'-dipyridyl)ruthenium(l )

Phosphorescence by Anionic Coordination Compounds in Various Solvents:

F. Bolletta,* M. Maestri, L. Moggi, and V. Balzani

KitioCinio'G Geniar difUasta AL6Raya ey (Resed Dentier 2 193

The quenching of the Ru(dipy)32f phosphorescence intensity and lifetime by Mo(CN)g4_, IrClg3“, and
PtCl42“ has been investigated in different solvents. For most of the systems examined, the intensity and
lifetime are quenched in parallel, showing that only a dynamic quenching of the Ru(dipy)3" emitting
state takes place. However, for two systems (namely, Ru(dipy)32*-Mo(CN)g4_ in water and RufdipyH2"
-PtCU2~ in ./V.N-dimethylformamide) the phosphorescence intensity is quenched more than the phos-
phorescence lifetime, showing that both dynamic and static quenching processes take place. This seems
to be the first example of both dynamic and static quenching between inert, saturated coordination com-
pounds. From the luminescence measurements, the values 3 X 102and 1 X 103 M~- are obtained for the
ion-pairing equilibrium constants of Ru(dipy)32+-Mo(CN)g4- in water and Ru(dipy)®+-PtCl42~ in
DMF. These values are in fair agreement with the theoretical values calculated by the Fuoss equation.
For each of the systems examined, the bimolecular rate constant of the dynamic quenching is in fair

agreement with the calculated diffusion rate constant.

Introduction

The study of the quenching processes between coordina-
tion compounds has recently attracted much attention.
The following features seem to emerge from the body of
the available results: (i) the quenching can occur by elec-
tronic energy transfer mechanisms, as is evidence by the
sensitized emission2-5 and the sensitized photoreac-
tion3'6-10 of the acceptor complexes; (ii) the quenching
efficiency in the collision encounter is strongly affected by
the nature of the ligands and the geometry of the acceptor
complex;5 (iii) the ionic charge may also play some role in
the quenching efficiency,11 but its real effect is difficult to
examine because a change in the ionic charge is always
accompanied by a change of other factors (e.g., the nature
of the ligands);5 (iv) in agreement with the theoretical ex-
pectations, the ionic strength affects the quenching con-
stants when both the excited state and the quencher are
charged species;5 (v) no clear evidence has thus far been
reported for the participation of static quenching pro-
cesses.12

We are continuing our systematic investigations with
the aim of elucidating the various aspects of the quench-
ing processes between coordination compounds. We wish
to report here the results obtained on the quenching of the
Ru(dipy)32+ phosphorescence intensity and lifetime by
some anionic coordination compounds in various solvents.
For some of our systems, we found that the lifetime
guenching did not parallel the intensity quenching, and
we believe that such systems represent the first examples
of both dynamic and static quenching processes in the
field of coordination compounds. The equilibrium con-
stant for the ion-pairing between two coordinatively satu-
rated coordination compounds was obtained by lumines-
cence measurements only. This unusual technique proves
to be very sensitive and will certainly provide a new and
important means for determining association and ion-
pairing constants.

Experimental Section

Materials. Tris(2,2'-dipyridyl)ruthenium(l1l) chloride te-
trahydrate, [Ru(dipy)3]CI2-4H20, was prepared and puri-
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fied by Burstall’'s method.15 Potassium octacyanomo-
Ivbdate(1V) dihydrate, K4[Mo(CN)g]-2H20, was prepared
by the method described by Furman and Miller.16 Potas-
sium tetrachloroplatinate(ll), K2[PtCl4], was prepared
and purified according to the procedure given by Femel-
ius.17 Fluka potassium hexachloroiridate(lll), ~[IrCU],
was used without further purification. N,iV-Dimethylform-
amide (DMF) Baker analyzed and W-methviformamide
(MF) Merck-Schuchard for synthesis were used. All of the
other chemicals used were of reagent grade.

Apparatus. The absorption spectra were recorded with
an Optica CF4 NI spectrophotometer. The emission inten-
sity and the phosphorescence spectra were measured with
a Perkin-Elmer MPF-3 spectrofluorimeter. The lifetime
measurements were carried out with the apparatus de-
scribed by Hutton, et alA8

Procedures. All the experiments were carried out at
room temperature (~ 22°) in air-equilibrated solutions,
unless otherwise noted. When necessary, deaeration was
carried out by bubbling purified N2 for 40 min. The gen-
eral procedure was as follows. Stock solutions of Ru(di-
py)32+, of the various quenchers, and of KC1 and NH4CL
were prepared by dissolving weighed amounts of each salt
in the selected medium. By appropriate mixing and dilu-
tion of these stock solutions, solutions were obtained
which contained 1 x 10-4 M Ru(dipy>32+ and the appro-
priate quencher concentration at the desired ionic
strength. These solutions were stable in the dark for peri-
ods much longer than those needed for our experiments.
Exposure to the light beam of the spectrofluorimeter was
reduced to a few seconds in order to avoid sensitized reac-
tions of the quenchers.19 For the intensity measurements
the excitation was carried out at 450 nm and the emission
was measured at 620 nm. For our conditions, the quencher
absorption was always negligible at both the excitation
and emission wavelengths. The intensity data taken be-
fore and after the lifetime measurements were unchanged
within the experimental error. The reproducibility of the
intensity values was +2%. For the lifetime measurements,
excitation was performed at 487 nm and the decay of the
luminescence emission was monitored on the beam
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emerging from cut-off filters which absorbed practically
all light of X <600 nm. The semilogarithmic plots (log /
vs. time) obtained from the oscilloscope traces were linear
as expected for a first-order decay. The reproducibility
was +5% for lifetimes longer than 0.15 nsec, and +10% for
shorter lifetimes.

Results

The absorption (X >300 nm) and emission spectra of
Ru(dipy)32* in DMF and MF were practically identical
with those recorded in aqueous solutions (Xmaxabs 452 nm.
fmax 1.4 x 104, Xmaxem ~610 nm). The relative emission
intensity of the complex at 610 nm was found to decrease
in going from water to MF or DMF. No change was found
in both the absorption and emission spectra when the
ionic strength of the solution was changed (up to 0.1).
Moreover, absorption measurements showed that the
spectra (X >300 nm) of solutions containing 1 x 10 4 M
Ru(dipy)32+ and various amounts of the quenchers (up to
the maximum concentrations used in our quenching ex-
periments) were equal to the sum of the individual donor
and quencher spectra within the experimental error, ex-
cept for the Ru(dipy)32+-PtCl42~ system in DMF. For
this system, a slight increase in absorbance (—5%) was
observed at ~480 and 370 nm, i.e.. where the Ru(dipv)32+
absorption is lower. Although such a behavior clearly
shows that an ion pair is formed, the effect was too small
to allow the evaluation of the association constant. The
lifetime (rT°) of the Ru(dipy)3+ phosphorescence emis-
sion in water was found to be 0.40 and 0.63 psec in air-
equilibrated and deaerated solutions, respectively, in
agreement with previously reported values.614 In air-equi-
librated DMF and MF solutions, rr° was found to be 0.32
and 0.31 ;sec, respectively. The rr° values were not af-
fected by changing the ionic strength of the solution (up
to 0.1).

The lifetime and intensity Stern-Volmer plots for the
guenching of the Ru(dipy>32+ phosphorescence by
Mo(CN)84~, IrCU3-, and PtCL2“ at constant ionic
strength in the various solvents are shown in Figures 1-3.
Low solubilities prevented experiments in DMF for the
Ru(dipy)32+-Mo(CN)g4”™ and Ru(dipy)32+-1rCl63~ sys-
tems. For the Ru(dipy)3+-PtCl42~ system in agueous so-
lution. only quenching of the intensity emission could be
measured because the apparatus for lifetime measure-
ments was no longer available. However, a parallel
guenching of lifetime and intensity for this specific system
has already been reported by Demas and Adamson.6

Discussion

The experimental data (Figures 1-3) show that the life-
time and intensity of the Ru(dipy)32* phosphorescence
are quenched in parallel (within the experimental error)
for the following systems: Ru(dipy)32J-Mo(CN)84 in
MF, Ru(dipy)®+-IrCl63- in H20 and MF, and Ru-
(dipy)32+-PtCl42~ in H20 and MF. On the contrary, for the
two remaining systems (namely, Ru(dipv)3+-Mo(CN)g4
in H20 and Ru(dipy)3+-PtCl42~ in DMF) the intensity
guenching clearly exhibits a different behavior than the
lifetime quenching.

The reaction scheme of Figure 4 will be used in dis-
cussing the results. By means of the usual Kkinetic treat-
ment. the following equations can be obtained for the life-
time and intensity quenching of the Ru(dipv)32~ phos-
phorescence emission2l

TeVIp= (1 + /fKTJTA)) @
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Figure 1. Intensity (G) and lifetime (¢) quenching of the Ru(di-
py)32+ phosphorescence by MofCNIs4* in MF and deaerated
H20 solutions. lonic strength = 1.04 X 10-2. The dotted curve
represents the intensity quenching calculated on the basis of eq
4 (see text).

Figure 2. Intensity (O) and lifetime (¢) quenching of the Ru(di-
py)32+ phosphorescence by IrClg3- in MF and H20. lonic
strength = 3.6 X 10~ 3.

'/l = @ + /o rTAIm + *4rs’[A]D( + TigA]) (2)

Equation 1 shows that the lifetime quenching is only due
to the dynamic quenching of the emitting state. Equation
2 shows that the intensity quenching, besides being due to
the dynamic quenching of the emitting state, may also
contain a contribution from the dynamic quenching of the
singlet excited state and from the static quenching in the
ion pairs. If one or both of these last two quenching pro-
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TABLE I: Experimental and Calculated Parameters for the Dynamic
Ru(dipy): 3 Phosphorescence by Anionic Complexes

Quenching rate constants.

X 10 - M 5sec 1

(Diffusion rate constants, kA X 10~9, M ~lsec- ])o

F. Bolletta. M. Maestri. L. Moggi, and V. Balzani

and Static Quenching of the

lon-pairing constants. K jp X 10 - M 1

Theoretical values K\p X 10~2 M ~I)b

Quencher MF HO DMF MF HO DMF
Mo (CN),' 4 + 1 9 + 2 <0.5 3+ 1
(6.6) (8.9) (0.2) (1.8)
IrC Vv - 2 £ 1 12 + 3 <0.5 <0.5
(6.9) (15.0) (0.1) (0.91
ptcip - 0.8 + 0.2 10 = 2 15 + 4 <0.5 10 = 5
(6.2) (16.4) (17.2) (0.1) (4.0)

Calculated using the BrPnsted-Debye equationsZ at the experimental (see Figures 1-3) ionic strength, with an encounter radius of 5 A for each complex

The viscosity and dielectric constants were 1.65 cP and 182.4 for \
the Fuoss equationbusing the same parameters as in footnote a.

Figure 3. Intensity (O) and lifetime (¢) quenching of the Ru(di-
py)32* phosphorescence by PtCU2~ in MF. H20. and DMF.
lonic strength = 1.8 X 10-3. The dotted curve represents the
intensity quenching calculated on the basis of eq 4 (see text).

D ) Ay—,- D

Figure 4. Schematic mechanism showing the possible quench-
ing paths for the Ru(dlpy>32+ phosphorescence. D. Ds*. and
Dt * are the ground state, the lowest excited singlet state, and
the lowest excited triplet state of Riddioyb24, respectively: A is
the quencher: Kjp is the ion-pair association constant.

cesses are negligible, eq 2 reduces as follows: (a) when
[DA] C [D], KjP[A] is much lower than 1, so that one ob-
tains

/"Il = @+ fgIPAD( + Vs'IA]) 3)

(b) when fe4[A] « k3, fe4rs°[A] is much lower than 1 so
that one obtains

I"H = (1 + V t'[A])(1 + A'iplAD (4)

(c) when both the conditions a and b apply, one obtains
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111 =11 + /?2.tt'[A]) (5)

It follows that whenever the lifetime and intensity are
guenched in parallel, only the dynamic quenching of the
emitting state takes place (compare eq 1 and 5). In the
case of Ru(dipy)s24-Mo(CN)8_ in H20 and of Ru-
(dipy)32+-PtCl42~ in DMF, on the contrary, some contri-
bution to the intensity quenching from either static quench-
ing (eq 4) or dynamic quenching of the singlet excited state
(eq 3) or both (eq 2) must be present. Under our experiment-
al conditions, however, the dynamic quenching of the singlet
excited state can be excluded, since “4[A] < 10" sec-1 (k4
< 1010 M 1 sec A [A] < 10~3Af) whereas k3 is higher
than 5 x 1010 sec A22-23 It follows that the difference be-
tween lifetime and intensity quenching can only be due to
a static mechanism (eq 4).

It is evident that static quenching might also occur in
the other systems at higher quencher concentrations. Un-
fortunately. there are severe limitations connected with
solubility reasons and with the competition in the light
absorption between the donor and the acceptor. It should
also be noted that higher quencher concentrations would
imply higher ionic strength values, which would depress
both k$ and Alp. thus vanishing the effect of the increased
guenching concentration.

From the experimental Stern-Volmer plots of the emis-
sion lifetime, the values (see eq 1) reported in Table |
were obtained. Plots of (/°//)/(r°/r) vs. [A] (see eq 4 and
1) were used tor obtaining the Aip’'s (or their upper limit-
ing values) which are also reported in Table I.

Because of the inaccuracy of the experimental constants
and the drastic assumptions of the theoretical equations
used for obtaining the calculated diffusion-controlled rate
constants24'26 and the ion pairing constants,25-27 only the
“gross” features of the data reported in Table | can be
discussed. As far as the dynamic part of the quenching
process is concerned, we observe that there is a fair agree-
ment between the experimental and the calculated rate
constants, and that the experimental rate constant change
with changing the solvent in the same way as the calcu-
lated values do (i.e.. they increase with decreasing viscosi-
ty and dielectric constant of the solvent). This indicates
that in our systems there is no factor (see Introduction)
which limits the quenching efficiency during the collision
encounter. A possible exception to this behavior could be
that of PtCl42- in MF, where the experimental and calcu-
lated values differ by a factor of about 8. It should be
noted, however, that the differences between the experi-
mental and calculated values are higher in MF than in
H20 for the two other complexes also, which may mean
that the theoretical equation for the diffusion rate and/or
its “correction” for the ionic strength lose part of their va-
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lidity for a solvent like MF, which has a high viscosity
and a very high dielectric constant (see Table I).

As far as the ion-pairing constants are concerned, there
is again a fair agreement between the theoretical values
and those obtained from our experimental results. We can
also see that, as expected, the ion pairing is favored by
decreasing the dielectric constant of the solvent. To best
of our knowledge our results represent the first case in
which the ion pairing of coordinatively saturated com-
pounds of transition metal ions has been measured by
means of the luminescence technique. lon pairing between
coordination compounds has previously been shown for
the Co(en)33+-Fe(CN)64~ system by means of polarimet-
ric measurements,28-29 and for the Co(NH3)5H203+-
Cr042- system by means of pH and spectrophotometric
measurements.30 We believe that the technique used in
this paper, although not general because it requires a lu-
minescent complex, can make an important contribution
to the study of equilibria involving transition metal com-
plexes in solution.
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Thermodynamics of the Reactions (NH3)n*S02(s)

R. Landreth, R. G. de Dena. and J. Heicklen

nNH3(g) + S02(g)l

Ronald Landreth, Rosa G de Pena, and Julian Heicklen*
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Anhydrous SO2 and NH3 were allowed to react to form their solid adducts. Equilibrium vapor pressures
for each gas were measured at 5, 15, 24.5, 35, and 45°. The reaction is NH3-S02(s) NH3(g) + S02(g)
with In K{atm2) = As/r — AH/RT where K is the equilibrium constant, AS = 15.3 cal/mol °K, and
AH = 9.5 kcal/mol to within £10% uncertaiy. The equilibrium was unaffected by the presence of excess
02 or N2. With excess NH3 at the lowest two temperatures, there was thermodynamic evidence for the
production of the (NH3)2-S02 adduct. For the reaction (NH3)2-S02(s) 2NH3(g) + S02(g) the thermo-
dynamic functions are crudely estimated to be AS ~ 82 cal/mol °K and AH ~ 23 kcal/mol with at least

+ 20% uncertainty.

Introduction

The anhydrous reaction between NH3 and S02 has been
known for a very long time, and the history of this reac-
tion has been reviewed by Scott, et al.2 Above 10° the
reaction between NH3 and S02 produces a 1:1 adduct
which is a yellow solid. Below 10° an additional white
solid is produced which is the adduct of two molecules of
NH3 and one molecule of S02. Both reactions are revers-
ible, and as the pressure is reduced, the solids sublime to
form NH3and S02.

Neither the chemical structures nor the thermodynam-
ics of the adducts are precisely known. Scott, et al..2 mea-
sured the vapor pressure of the solids between —10 and
—70°. From their data they estimated the enthalpy of
sublimation to be ~1 and ~15 kcal/mol, respectively, for
the 1:1 and 2:1 adducts.

McLaren, et al.,3 report a heat of reaction of -30 kcal/
mol for anhydrous NH3 with S02 both in the presence
and absence of 02. They did not specify their temperature
range and it is not known whether this value refers to the
1:1 or 2:1 adduct. Friend, et al.,* worked at very low pres-
sures and found no evidence for solid formation in the ab-
sence of ultraviolet radiation.

In this paper we have examined the reaction in the
temperature range 5-45° and at partial pressures very
much larger than those employed by Friend, et al* We
show, from thermodynamic arguments, that the solid is
the 1:1 adduct in this temperature range, except with ex-
cess NH3 at the lowest two temperatures. Furthermore,
AH and AS are determined to be 9.5 kcal/mol and 15.3
cal/mol °K, respectively, for the reaction

NH;-S04s) 5=~ NH3g) + S02g)

Experimental Section

The reaction was carried out in a 2.7-1. cylindrical cell
137 cm long and 5 cm in diameter. The cell was capped at
each end by a 2-mm thick quartz window to allow passage
of ultraviolet light. Inside and along the length of the cell
was a small tube with holes every 10 cm through which
the gases entered to allow thorough mixing of the gases.
Temperature variation was accomplished by changing the
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temperature of a constant temperature water bath around
the cell.

Particle formation was determined by light scattering.
The light from a Hanovia Utility 30620 ultraviolet quartz
lamp was passed through a Jarrell-Ash 82-410 monochro-
mator set at 3660 Aand through the cell. The light was
detected by a RCA 935 phototube and the signal sent
through a General Radio Co. 1432-M resistance box to a
Texas Instruments Inc. 1-mV recorder.

S02, NH3, and 02 gases were from the Matheson Co.,
and N2 gas was from Phillip Wolf and Sons Inc. Before
use, the N2 was passed through a trap packed with glass
wool at -196° to remove water and impurities. The same
was done with 02 at —98°. Both S02 and NH3 were twice
purified by distillation from —98 to —196°. The gases were
handled in a mercury- and grease-free vacuum line con-
taining Teflon stopcocks with Viton “O” rings. The vacu-
um line was connected to the reaction cell and the pres-
sure could be reduced to 1 X 10"4Torr.

The gases were introduced into the reaction cell as fol-
lows. For experiments with S02 and NH3 only, one gas
was added to the cell and the pressure read on a National
Research Corp. 820 alphatron vacuum gauge. The alpha-
tron gauge had been calibrated by an oil monometer for
each gas. After having closed off the cel. and frozen down
the excess gas, the second gas was adced in increments
until light attenuation was noticed on the recorder. At 5°
light attenuation was not seen on the recorder because the
particles settled on the wall. Particle formation was deter-
mined visually. For runs with 02 or N2 present, one reac-
tant was placed in the cell, and the other reactant diluted
in N2or 0 2was then added.

Results

Anhydrous S02 and NH3 gases were mixed, and a yel-
low solid was produced instantly if the gas pressures were
sufficiently large. The reaction was completely reversible;
when the gas pressures were reduced sufficiently, the solid
disappeared. When one of the reactants was diluted in 02
or N2, there was about a 30-sec delay before particle pro-
duction, if particles were produced at all. In these experi-
ments, we waited 5-10 min after each addition to be sure
that particles either were or were not produced.
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Figure 1. Log-log plots of the vapor pressures of S02 and NH3
in equilibrium with their solid product at 5, 15, 24.5, 35, and
45°,

Experiments were done in which the lower pressure
reactant was placed in the reaction vessel and then the
other reactant, either alone or diluted in N2 or O2, was
added. Several additions of the second reactant were
made until the solid was produced. The point at which
solid appeared was taken as the equilibrium condition.
For some runs, the total pressure was then reduced by
10% and the solid disappeared. When O2 or N2 was used
as a diluent, the ratio of its pressure to the reactant pres-
sure was varied between 2.45 and 12.1.

The pressures of the gases could be ascertained to with-
in 5% accuracy for pressures <100 Torr and 7-10% accu-
racy for pressures >100 Torr. To be sure that the reaction
was not photochemically induced by the monitoring lamp
(SO2 absorbs weakly at 3660 A), runs were done with the
lamp off while the mixture was equilibrating. The lamp
was then turned on just to take the measurement. The re-
sults were the same as with continuous exposure.

The equilibrium conditions, i.e., the pressure limits at
which solid is just formed, are shown graphically in log-
log plots in Figure 1 at five temperatures between 5 and
45°, As the temperature is raised the data points lie suc-
cessively higher. The results in the presence of diluent
gases are identical with those with no diluent added in
agreement with McLaren, et al.3 The plots of SO2 pres-
sure vs. NH3 pressure at the three highest temperatures
are linear and can be fitted with a slope of —1.00. At the
two lower temperatures, the data points are fitted with a
line of slope - 1.00 in excess S02. However, in excess
NH3, deviations occur and the data points lie below the
linear extension of the results in excess SO2.

Discussion
The equilibrium of interest is the heterogeneous one
aNH:-S04s) 5=~ SO,(g) + nNHZQ)

where n is either one or two. The equilibrium expression
for the reaction is

K = [SOO0INH,]"
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Figure 2. Semilog plot of the equilibrium constant K vs. the re-

ciprocal temperature for the reaction NH3-S02(s) * NH3(g) +

S02(g).

TABLE I: Equilibrium Constants for the Reaction
NH3S02s) <t NHjig) + S02g)°

Temp, °C K, Torr2 108", atm2
45 % 1 425 736
35 +1 223 336
245 1 140 243
15+1 86 149
5+1 48 83

°Ln KTatm!) = AS/R - AH/RT, AS = 153 cal/mol °K, AH = 95

kcal/mol.

where K is the equilibrium constant at each temperature.
Consequently, a log-log plot of the equilibrium pressure of
SO2 vs. that for NH3 should be linear with a slope of —n.
The plots in Figure 1 clearly show that n = 1 for the three
higher temperatures under all conditions and for the lower
two temperatures in excess SO2. The equilibrium con-
stants are the products of the equilibrium reactant gas
pressures, and they are listed in Table I. They range from
48 Torr2at 5° to 425 Torr2 at 45°.

The equilibrium constant, K, is related to the entropy,
AS, and enthalpy, AH, of reaction through the well-
known expression

In A(atm-') = AS/R — AH/RT

where T is the absolute temperature. Figure 2 is a semilog
plot of K vs. 1/T. The plot is linear. From the slope AH is
found to be 9.5 kcal/mol, and from the intercept AS is
found to be 15.3 cal/mol °K. These values have a +10%
uncertainty.

The falloff from linearity in Figure 1 for runs with ex-
cess NH3 at the two lowest temperatures indicate produc-
tion of the adduct of two NH3 molecules with one SO2
molecule. Thus the slope becomes steeper and approaches
two. From the very limited data the equilibrium constants
are estimated to be 225 Torr3 (0.51 x 1076 atm3) at 5°
and 1030 Torr3(2.34 x 10~6atm3) at 15° for the reaction

(NH3),-S0.,<s) 2NH3g) + SCMg)

Thus AS ~ 82 cal/mol °K and AH ~ 23 kcal/mol, with
at least a + 20% uncertainty.
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It should be noted that our values for AH for both reac-
tions are greater than those reported by Scott, et al..2 but
lower than the value of 30 kcal/mol reported by McLaren,
et al.4 If the value of McLaren, et al.. refers to the 2:1 ad-
duct, it and our value may agree to within the large ex-
perimental uncertainty.
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Conductance Measurements of Alkali Metal Trifluoroacetates in Propylene Carbonate

Murray L. Jansenland Howard L. Yeager*
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Precise conductance measurements are reported for the alkali metal trifluoroacetates, tetrapropylammo-
nium chloride, and tetrabutylammonium nitrate in propylene carbonate. Lithium trifluoroacetate is ex-
tensively associated, with the formation of ion aggregates at higher concentrations. The degree of associ-
ation for the trifluoroacetates decreases with increasing size of the alkali metal ion. Single ion mobilities
are reported for chloride, nitrate, and trifluoroacetate ions in propylene carbonate.

Introduction

Conductance measurements for a variety of alkali metal
and tetraalkylammonium halides and perchlorates in pro-
pylene carbonate (PC) have been reported.2 All salts were
found to be essentially unassociated in this solvent of
moderately high dielectric constant 164.92 at 25°).3 Single
ion mobilities were derived and discussed in terms of the
ion solvating ability of PC.

We have extended this work to study the conductance
behavior of the alkali metal trifluoroacetates. Wu and
Friedman4 have measured the heats of solution of these
salts in PC. Results indicated that the lithium salt is ex-
tensively associated, and the formation of ion pair dimers
was suggested. Conductance measurements indicated that
the lithium and sodium trifluoroacetates are associated,
but no equilibrium constants were calculated.4 Precise
conductance measurements are reported here for these
salts, in order to accurately evaluate the influence this
more strongly basic anion has on association processes in
PC. Association trends are discussed in terms of the rela-
tive sizes of the alkali metal ions.

In addition, conductance measurements are reported for
tetrapropylammonium chloride and tetrabutylammonium
nitrate in order to estimate single ion mobilities for the
respective anions. Trends for anion mobilities in PC are
discussed.

Experimental Section

The purification of PC has been described previously.2
Tetra-n-propylammonium chloride (Eastman Kodak) was
precipitated three times from acetone with ether and
dried under vacuum at 150° for 40 hr. Analysis by silver
nitrate titration: 99.7%. Tetra-rc-butylammonium nitrate
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was prepared by metathesis from tetra-n-butylammonium
chloride (Eastman Kodak) and silver nitrate (Engelhard
Industries Ltd.) in an ethanol-water mixture. The filtrate
remaining after removal of silver chloride was evaporated
to yield the crude product. The salt was recrystallized
three times from ethyl acetate and dried under vacuum at
85° for 72 hr. Anal. Calcd: C, 63.12; H, 11.92. Found: C,
63.15; H, 11.70.

Lithium trifluoroacetate was prepared from recrystal-
lized and dried lithium bromide (Research Organic/lnor-
ganic Chemical Corp.) and dried silver trifluoroacetate
(Eastman Kodak) in ether. The filtrate remaining after
removal of the silver bromide was reduced in volume, and
the precipitated salt was dried under vacuum at 60° for 36
hr, and then at 100° for 72 hr. Analysis by cation exchange
and acid titration: 99.2%. Sodium, potassium, rubidium,
and cesium trifluoroacetates were prepared by adding
equivalent amounts of trifluoroacetic acid (Eastman
Kodak) to aqueous solutions of the corresponding carbon-
ates, followed by careful reduction in the volume of the
solutions to initiate crystallization. Sodium trifluoroace-
tate was recrystallized three times from a 6:1 dioxane-
methanol mixture and then dried under vacuum at 80° for
24 hr and at 125° for 48 hr. Analysis by cation exchange
and acid titration: 99.8%. Potassium trifluoroacetate was
recrystallized from dioxane and ethanol and dried under
vacuum at 130° for 72 hr: analysis 10C.0%. Rubidium tri-
fluoroacetate was recrystallized twice from a 1:1 dioxane-
ethanol mixture and dried under vacuum at 70° for 1
week: analysis 100.5%. Cesium trifluoroacetate was re-
crystallized twice from ethyl acetate and dried under vac-
uum at 60° for 12 hr: analysis 100.3%. The purification of
the alkali metal trifluoroacetates proved to be a formi-
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TABLE I: Conductance Parameters for 1:1 Electrolytes in PC at 25°

Salt Ao
NaCFsCO, 212 + 14 1
212 + 1.2 1
KCFaCCh 29.04 + 0.009
29.04 + 0.008
RbCFsCO; 29.57 + 0.003
CsCFX02 30.21 + 0.002
PraNClI 28.74 + 0.004
28.70 dab 0.007
BuANNO3 29.42 + 0.003
29 39 + 0.002
Figure 1. Equivalent conductance vs. the square root of

molar concentration for lithium trifluoroacetate in PC at 25°. The
line shows calculated values assuming Ao = 26.4 and Ka =
1900.

dable task; temperatures of drying were found to be a
critical factor.4-5

The apparatus and procedure used to make the conduc-
tance measurements and to measure electrolyte solution
densities and viscosities have been described previously.2
All salt transfers were performed in a glovebox under N2
atmosphere.

Results

The measured equivalent conductances and correspond-
ing electrolyte concentrations together with solution den-
sity and salt viscosity coefficients appear in the microfilm
version of this volume of the journal.6 For all salts except
lithium trifluoroacetate, the conductance data were ana-
lyzed by the Fuoss-Hsia equation?

A = A, - Slcy)l- + Ecy

(-7, - B\acy - KAy\ft2 (1)
where the ion pair association constant is given by

Ka = ([ - y)ry'cfj @
Ineq 1, S = 0.30464A0 + 23.597, and E = 0.93398A0 -
10.595. Values of 64.923 and 2.513 cP2 for the dielectric
constant and viscosity of PC at 25° were used to calculate
the coefficients. In the calculation of Ji and f+, the ion
size parameter was set equal to the sum of estimated ionic
radii. A computer least-squares program was used to eval-
uate the adjustable parameters Ao, Ka, and J2 These
values with their standard deviations are listed in Table I,
along with the standard deviations of fit, crA

log cy +
-J,(cyfn -

- e BESRB3

K a -/ aA
=t: 58 9318 : 5340 05
A: 50 9373 ric 4581 0.6
3=+ 0.2 912 + 37 0.006
5 + 0.2 897 @z 32 0 .006
7 = 0.1 419 = 10 0.001
1+ 004 278 7 0 001
0+ 01 163 + 33 0.002
1+ 02 151 4 ™4 0.004
9+ 0.1 257 + 20 0. 002
9+ 0.1 262 + 13 0. 001

Figure 2. Single ion conductivities in PC vs. the reciprocal of
estimated crystallographic radii. Lines representing cation and
anion trends have no theoretical significance.

Attempts to analyze the conductance data for lithium
trifluoroacetate by eq 1 were unsuccessful. Results indi-
cated that the association behavior of this salt is more
complex than ion pairing. A plot of A vs. c1 2 is shown in
Figure 1. Also shown is a plot calculated using eq 1, as-
suming that A0 = 26.4 and KA = 1900. These values were
obtained by a graphical application of the Fuoss-Onsager
conductance equation,9 using only the data for the more
dilute solutions. Although the two lines are coincident to
a concentration of about 4 x 10~4 M, the experimental
plot shows marked negative deviation at higher concentra-
tions. We attribute this to the formation of higher ionic
aggregates.

Two conductance equations which treat the formation
of ion triples in addition to ion pairs were applied to the
data. The Kraus equationl0 assumes that both cationic
and anionic triple species form, and the Wooster equa-
tion11l assumes that only one kind of triple ion is present.
Of the two treatments, the Wooster equation was found to
provide a better fit of the data, although even with this
equation deviations became large at higher concentra-
tions. A conductance function which assumes the forma-
tion of only ion pairs and ion pair dimers was derived and
applied to the data, but the fit was poor. We conclude
that lithium trifluoroacetate forms a variety of ion aggre-
gate species in PC. Although it was not possible to evalu-
ate all equilibrium constants for these processes, the value
of 1900 for the ion pair formation constant is estimated to
have an uncertainty of about 30%. The large standard de-
viation in the least-squares analysis of sodium trifluo-
roacetate data may indicate a slight amount of ion aggre-
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gation as well. Kohlrausch differences calculated from Ao
values for alkali metal perchloratesz and the correspond-
ing trifluoroacetates differ by about 0.3 units in the worst
case.

Discussion

The alkali metal trifluoroacetates show a significant de-
gree of ion pairing, in contrast to the corresponding per-
chlorates which were found to be unassociated.2 Lithium
chloride and bromide were found to be associated in PC,
with k\ values of 557 and 19, respectively.i2 These results
indicate that size and distribution of charge on the anion
strongly influences association behavior in PC. Presum-
ably the halide salts are associated due to small anion
size, whereas the trifluoroacetates ion pair due to the lo-
calized charge on the oxygen atoms. In addition, the ge-
ometry of the carboxylate group would be expected to
yield an ion of enhanced stability, particularly for smaller
alkali metal ions. This may help to explain the trend of
decreasing association from the lithium to the cesium
salts.

This trend in association behavior is opposite to that
found for the alkali metal perchlorates in acetonitrile, s
which shows increasing association with increasing size.
This was attributed to the lower ion solvation energies
and consequent increased stability of ion pairs for larger
cations. In contrast, the trend in association constants for
alkali metal trifluoroacetates in PC indicates that ion-ion
interactions predominate in determining the stability of
ion pairs, and changes in cation-solvent interactions are
relatively unimportant. This trend in association con-
stants is the same as those found for a variety of alkali
metal carboxylate salts in ethyl methyl ketone.is It ap-
pears that lithium ion derives greater stabilization from
the carboxylate oxygens than could a larger cation such as
cesium ion.

Values of single ion mobilities for chloride, nitrate, and
trifluoroacetate ions, 18.26, 2042 and 17.87, respectively,
were calculated from Ao values listed in Table | and cat-
ion mobilities listed in ref 2. The potassium salt was used
to estimate the value for trifluoroacetate, for this salt was
found to have the highest purity. These single ion mobili-
ties, along with those of other ions in PC,2 are plotted vs.
the reciprocal of estimated crystallographic radii in Figure
2.

The higher anion mobilities have been discussed in
terms of the ability of PC to solvate cations more strongly
than anions.2 Of the anion mobilities reported here, even
the relatively large trifluoroacetate ion is found to have
enhanced mobility over cations of corresponding size. The
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surprisingly large mobilities of the nitrate and thiocyanate
ions might be ascribed to their nonspherical shapes and
charge distributions, which could give rise to mechanisms
of ion migration which are different from more spherical
anions.

Bromide is found to be the most mooile of the halide
ions. In some dipolar aprotic solvents the mobilities of the
halide ions decrease regularly with increasing ion size, al-
though the reverse trend also occurs.is Bromide ion is the
most mobile halide ion in acetone.is The observed maxi-
mum in halide ion mobility in PC could be a combination
of two effects. A decrease in the anion size increases the
mobility (normal Stokes law behavior), while an increase
in anion-solvent interaction lowers the mobility.
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It is shown that the Justice conductance equation is not a “modification” of the Fuoss-Hsia equation,
because it does not describe the behavior of the primitive model (rigid charged spheres in a continuum)
used by Fuoss and Hsia. Instead, it is derivable from a model in which the ions are point charges sur-
rounded by impenetrable spheres of radius equal to half the Bjerrum radius q = t2/2pkT. which is 28 A
at a dielectric constant of 10. Alternatively, the model could be charged spheres of diameter a, surround-
ed by rigid shells of thickness (¢ ~ a)/2. It is also shown that the Justice equation does not in general
give a unique solution for the parameters which appear as coefficients of the ¢ and cs 2 terms of the con-
ductance function, and that, when a unique solution is obtained, the corresponding distance parameter

does not always equal q.

Since 1968, the following equation:-4

A =7[Ao~ Scibr iz + Ecy logcy +

CyJAR) - ¢3/27 3/23 ).(/?)] (1)

with r set equal to the Bjerrum distance
q = &/2DKT 2

has been used to analyze a number of sets of conductance
data. (Here A = equivalent conductance, y = conducting
fraction of the stoichiometric concentration ¢, r is the
distance parameter, and the other symbols have their fa-
miliar meanings.) The equation has been referred to as
“the Justice modification of the Fuoss-Onsager equation,”
“the Justice version of the Fuoss-Hsia equation,” “the
Justice-Fuoss equation,” etc. It is the purpose of this
communication to show first that eq 1 does not describe
the theoretical behavior of the primitive model (charged
rigid spheres of diameter a in a continuum) used by
Fuoss. It is therefore suggested that eq 1 be called “the
Justice equation.” Furthermore, it will then be shown
that the Justice equation describes the properties of a
model in which the ions are represented by charged
spheres surrounded by rigid impenetrable shells of thick-
ness (q - a)/2. For o = 40 and a = 4.0, this would corre-
spond to a layer (280/40 - 4.0)/2 = 1.5 Awhich could
conceivably represent a tight solvation sheath around both
anions and cations. But for o > 40, the average shell
would be less than one solvent molecule thick, while for o
<40, q rapidly increases; atp = 10, (q - a)/2 is12 A In
the writer’s opinion, this model is physically unrealistic
and therefore useless in the interpretation of conductance
data. Finally, it is shown that the Justice equation does
not in general lead to a unique evaluation of the parame-
ters of the conductance equation and that, when it does,
the distance parameter r does not always equal the Bjer-
rum radius. In solvents of high dielectric constant, R > q
and for lower dielectric constants, R < q; in the interme-
diate range, of course, R ~ aq.

we begin with a brief review of the relevant conduc-
tance functions. Their derivation began with the integra-
tions of the Onsager-Fuoss equations of continuity and
the Poisson equation, subject to the boundary conditions
for the primitive model. The Poisson equation for the po-
tentials is of second order. The equation of continuity re-

lates the pairwise distribution functions s
fj, = ®

to the potentials and likewise is of second order. (Here n,
is the average concentration of ions of species j. i... the
total number of j ions divided by the total volume of the
solution. The exponential function is the Boltzmann fac-
tor, which relates local concentrations to average concen-
trations, in which t, is the charge on an ion of species i lo-
cated at a distance ry, from a reference ion of species j
where the potential is bj, and kT is a measure of thermal
energy.) Consequently four boundary conditions are nec-
essary in order to evaluate the four constants of integra-
tion which necessarily appear in the mathematical devel-
opment. Three of these are electrostatic

P =0 @
f'(a - 0)= Ifr/(@a+ o) (5)
(d\p'/dr)n 0 = (dit//dr)ax, ©)

where v/ is the perturbation potential due to the asym-
metry which the external field x generates in the ionic
potential, i.e., the relaxation field. The fourth boundary
conditiony

'd « =0 (7)

is the mathematical statement of the fact that the radial
components of the relative velocities of two ions become
zero when they come into contact, or to put it more collo-
quially, rigid spheres (ions) move freely (except for vis-
cous drag) in a continuum until they bump into some-
thing solid, such as another ion.

In eq 7, vy, represents the velocity in a continuum of a
sphere with charge € at a distance rn from the reference
sphere with charge ty; it is the vector sum of the velocity
of the model ion with respect to the continuum in the ele-
ment of volume which contains it plus the velocity of the
element of volume with respect to a stationary observer
(the electrodes). It should be emphasized that wy; is the
velocity of a rigid sphere in a continuum. The experimen-
tally observable quantity {vj = X,X/300F (equivalent con-
ductance times field strength in volts over the Faraday

The journal of Physical Chemistry. Vol. 78. No. 14. 1974



1384

equivalent) is the average value of the components of mo-
tion in the field direction which the field superimposes on
the Brownian motion of the ions, averaged over a time
which is many orders of magnitude greater than the dura-
tion of a single Brownian jump. It is xji which is the
object of our theoretical treatment; in the final compari-
son of theory and experiment, we equate (viy with jwvij
and thereby test both model and theory. Model and theo-
ry are absolutely inseparable.

Evaluation of the relaxation field AX by the above inte-
grations and use of the 1932 electrophoratic velocity led to
a rather complicated function which, for very low concen-
trations (fed < 0.15), could be reduced to the linearized
form

A= Ao—Scw2 + Ec log ¢ + -3¢ ()

Electronic computers were not generally available in 1955;
the above simplification was a necessary practicality. It
was realized that terms of higher order than those linear
in concentration were present in A(c); in fact, it was
found that the semiempirical equations s

A=Ao~scm + Ec log c+ Jc + JiCil2 ©

reproduced within about 0.01A unit the conductance of
the alkali halides in water up to about 0.1 N, while (s)
became useless above ¢ = 0.01 n. It seemed worthwhile,
therefore, to repeat the 1955-1957 calculations to a higher
degree of approximation; in effect, with retention of terms
of order cs 2. This was completedio in 1967, giving

A=\ —AA)[1 + AX/X) (10

where AX/X is an explicit function of concentration, o T
product, viscosity, and a the distance parameter which
appears in boundary condition (7). Combining eq 10,
which gives the conductance of free ions, with the equa-
tion of mass action, gives the Fuoss-Hsia equation

A = 7(Au- AAe(l + AX/X) (10

(in which cy, of course, is used for the ionic concentra-
tion in the electrophoresis and relaxation terms). It should
be emphasized at this point that eq 11 derives from the
same model as the 1955 equation, using the same bounda-
ry conditions in the integration of the same differential
equations. The only difference between the 1955 equation
and eq 11 is in mathematical detail.

In 1968, -Justice: proposed that the Fuoss-Onsager
equation, in the form which retained someii-12 of the
terms of order cs 2, be combined with the equation for as-
sociation as defined by Bjerrum,is with replacement of
the distance parameter a by the Bjerrum radius q = (3/2.
Later,sa14 a linearized form of the Fuoss-Hsia equation
(which contains the cs 2 terms which were omitted or
missing from the 1957 equation) replaced the 1968 propos-
al. This was in principle an improvement, possibly par-
tially negated by the replacement of explicit functions by
the first few terms of their power series. For example, ap-
proximating f(x) = 1/(1 + x) by @ - X + x2) is numeri-
cally out by 2.5% for x = 0.3. These details are trivialities;
the significant point is that the Justice equation is ob-
tained by simply writing q everywhere in the Fuoss-Hsia
equation where a appeared. However consistency between
theory and model then requires that ¢ also replace a ev-
erywhere in the mathematical development leading to the
Fuoss-Hsia equation, specifically in the fourth boundary
condition, eq 7. This would call for zero relative radial
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component of velocity at a distance r = g from the center
of the reference ion; this occurs for the primitive model
only for the trivial case when, by coincidence, a = g. That
is, in general, a © q, and if (7) is satisfied at r = a, it Ob-
viously cannot aiso apply to r = q (>a); hence the Justice
equation is not derivable from the primitive model by the
Fuoss-Onsager method of derivation.

It is, however, easy to construct a model which will lead
to the Justice equation by the Fuoss-Onsager treatment:
surround the ions by concentric rigid impenetrable
spheres of radius /2, and assume that these spheres
move with the velocity of the ions at their centers. (Alter-
native equivalent models would be point charges at the
centers of rigid spheres of the same dielectric constant as
the solvent, or rigid charged spheres with total integrated
charge equal to e, or other variations on the theme).
Such a model satisfies all four boundary conditions and
clearly it is routine to derive the Justice equation; one
simply replaces a’s by q’s everywhere. The implication of
the model is that the ion firmly binds a shell of solvent of
thickness {q - a)/2, so that the relative velocities of the
encapsulated ions become zero on contact at center-to-
center distance r = q, by the fourth boundary condition.
For dioxane-water mixturesz covering the range 69.90 <
wt % dioxane < 8282, 19.32 < b < 10.19, the Bjerrum ra-
dius covers the range 14.50 < 108" < 27.49. These are the
mixtures in which Justice, Bury, and Treiner2 measured
the conductance of cesium bromide. In order to conform
to the model from which the Justice equation can be de-
rived, the cesium and the bromide ions would have to
carry rigidly held water shells which would prevent cen-
ter-to-center distances less than 14.5-27.5 au between the
ions counted as pairs. The model appears to be complete-
ly unrealistic.

The Justice equation has, however, been fitted to some
hundredss of sets of conductance data, within a standard
deviation in A that rangesis from 0.004 to 0.2%; usually
the fit is within 0.05%. Examination of the process of cal-
culation of the three parameters Ao, k A, and Js/2 leads to
three conclusions: (1) the form of the equation (and also
of the Fuoss-Hsia equation) guarantees a good fit; (2) if
eq 1 is treated as a three parameter equation A(c; Ao, XA,
R), a wide range of r values can often be found which
give the same good fit to the data; and (3), if we tenta-
tively accept the model of ions centered in icebergs, and
let r instead of J3/2 be the third parameter [i.e., A = A(c;
Ao, K a, R), where the same distance parameter is used in
both coefficients o\ and J3/], it is found that R > ¢ in
solvents of high dielectric constant (50-100), that R < g
in solvents of lower dielectric constant (10-30), and that r
does not differ greatly from q in the intermediate range.
Regarding (1), we make the additional comment: if a
given theoretical equation does not fit the data within the
experimental tolerance, we may with complete confidence
assert that either the theory or the model on which it is
based (or both) cannot be correct. Unfortunately the con-
verse does not hold. It would be possible to find an infi-
nite set of three-parameter functions which would fit
within a given tolerance a set of say six-ten A-c points
covering a 10:1 range in concentration. In other words,
“goodness of fit” is an invalid criterion against which to
test the credibility of any equation.

The reason why the Justice equation (cr the Fuoss-Hsia
equation, or in fact any three-parameter equation which
includes the theoretically predictable sc1 2 and Ec log ¢
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Figure 1. conductance functions for cesium bromide in water at
25°: solid circles, A (obsd).

terms) fits the data so well is shown graphically in Figures
1 and 2. By substitution of Y from the mass action equa-

tion
1- 7 = KAy-f~ (12)

eq 1 becomes

A = A0O— Scl/Zyu~+ Ecy log cy +
cyJNR) - (cy)¥2.6AR) - KAcyf2A  (13)
Now define three quantities A', A", and A '" as follows
A'= AO—scl271 12+ Ecy log C7 (14)
A" = A"+ cyd,(R) (15)
A" = A" —KAYyf-\ (16)

Figure 1 shows A (obsd). A', A", and A"’ for cesium bro-
mide in water2 and Figure 2 the same functions for cesi-
um bromide in a water-dioxane mixture2 containing 70%
dioxane (D = 19.32). The limiting tangent with slope S is
the straight line. A' is the theoretically predictable part of
difference between A

clearly is much smaller than A

the conductance
(obsd) and A", which
(obsd), is that part of the observed conductance which
must serve to evaluate J\, Jsé, and KA. If we add the J\

term to A, we get A”, which now lies above A (obsd), and

(given Ao0); the

above by an amount which depends entirely on what
value of R is used to compute the coefficient Ji(R). In the
Justice method of computation, R is usually set equal to
J. Now in order to get back down to A(obsd), two terms
are subtracted, the ion pair term (giving A'") and the J3/2
term. The first is of leading order ¢ and the second of

order €3 2, so that
AA'"™ = A(obsd) — A '" = —AC — Bes22+ higher terms

A7)
This termwise breakdown of A(c) shows that what actual-

ly is done to evaluate Ka and 73/2 is in effect to put the
best straight line through the function

F(c) = AA'"/c (18)

where F(c) is determined by the value of the 7i term.

Since [A(obsd) - A '™] is usually less than a tenth of
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Figure 2. Conductance functions for cesium bromide in water-
dioxane, 30-70 by weight: solid circles, A (obsd).

A(obsd), a fit to (17) within 0.5% thus appears as a 0.05%
fit to A(obsd). As a matter of fact, however, the observ-
able being fitted is not [A(obsd) — A "']; it is AA' =
[A(obsd) — A'], a difference which is even smaller, as can
be seen in Figures 1 and 2. To reduce the goodness-of-fit

argument to its essentials, we have
AA' = +7, term — (73,2 and KA)terms (19)

and one is merely compensating an arbitrarily chosen pos-
itive 7i term by the sum of two negative ones. With two
degrees of freedom, it is not surprising that the equation
fits the data, especially when we recall that only a fair fit
to AA' corresponds to at least a ten times better fit to
A(obsd).

Let us now consider what happens if other values than
R = (g are used to evaluate 7i. A computer program was
written to answer the following: given a set of data points
i, AiN] = 1,
the values of Ao, J3£, and Ka which best fit the data to

r,) and a sequence of values of R, find

eq 13. The results of such a calculation are shown in Fig-
ure 3 for cesium bromide
mixture2 containing 50% THF (D = 40.0). The abscissa is
R/q, the ratio of the input R to the Bjerrum radius; cal-

in a water-tetrahydrofurane

culations were made for R values equal to two thirds the
Bjerrum radius up to twice as large. Over this wide range,
a, the standard deviation expressed as percentage of the

limiting conductance
a = (100/A0) Z[A(obsd) — A(calcd)]2/(rz — 2)jl2 (21)

was practically constant, equal to 0.015-0.016% . Plotted
are the values of J3/2 and KaAo delivered by the comput-
er, and the values of J11R), calculated14 from the input
values of R. As R increases, all three coefficients increase,
and in such a way that the sum of the corresponding
terms of eq 13 matches the experimental AA'-c curve so
well that < has the “excellent” value of 0.015%, regardless
of the value chosen for the center-to-center distance of a
pair of ions in the Justice model, where radial component
of velocity must vanish at r = R. 1f R is set equal to g, we
can indeed find values of J3/2 and KA which fit these data
to 0.015%, but so will 2q/3 or 2(. or anything between.

Put in different terms, what results is not a unique solu-

The Journal of Physical Chemistry. Vol. 78. No. 14. 1974



1386

Figure 3. Parameters of eq 1 for cesium bromide in tetrahydro-
furane-water, 50-50 by weight.

tion for the parameters J3/2 and KA, but a band of solu-
tions. To quote Evans,16 “what is worrisome is that what
one gets out as KAis essentially what was putin as( ”
Finally, it can be shown that the value of R calculated
from the output value of J3/2 in general does NOt equal the
value of R which was used to compute J1, although it is
nearly equal to the input R when the latter is not greatly
different from (. The abscissae in Figure 4 are also the ra-
tios R (input)/qg (Bjerrum). The ordinates are the ratios to
q of the R'S calculated from the output values of J3/2. Re-
sults for cesium bromide in water, 50% THF, and 70% di-
R (output), i.e., if the
same distance parameter gave the values of I\ and J33/2 re-

oxane are shown. If R (input) =

quired to fit the data, the plot would be a 45° line. The
bands shown correspond to the R’'S calculated from J3/2 *
AJ3-2 where AJ3 2 is the uncertainty in J3/2 corresponding
to the standard deviation a, defined by (21). It will be
seen that R(J3/2) equals R(J\) for 22/3 < R < ( for CsBr
in water, that R{J32) < R(Ji) for the THF system, and
that the (rather narrow) band of R(J3/2) values crosses the
45° line for the dioxane system, R (input) being equal to R
(output) for R = 0.90g. Furthermore, in solvents of lower
and higher dielectric constants, the insensitivity of a to
the choice of input R disappears, as shown by the plots at
the top of Figure 4. For water, @ = 0.011% for R = 29 and
gradually increases to 0.017% at R = 2<j/3, showing that
here there is a better fit for I' greater than the Bjerrum
distance. As already mentioned, a for the THF system is
practically independent of the distance parameter. For
the dioxane system (where Q = 14.50 , a distinct mini-
mum in the a — R/q plot appears at about 0.6( = 8.7

These examples show that, if the same distance parame-

ter is used in both and J3/2, the value which gives the
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Figure 4. curve 1 shows the standard deviation of eq 21 for
CsBr in 70% dioxane. Curve 2 shows the same for CsBr in
water. Curves 3 shows the dependence on R (input) /g of R/q
calculated from J3/2 + AJ3/2 for CsBr in water; ordinate scale,
upper right. Curves 4 is the same for CsBr n 50% THF; ordinate
scale, left center. Curves 5 is the same for CsBr in 70% diox-
ane; ordinate scale, lower right.

best fit will in general not equal %, while, if JAR) be set
equal to JAq), the coefficient Js;2 then leads to a value of
R not in general equal to Q.
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Critical micelle concentrations, molecular areas, coareas, and standard free energies of adsorption at an
air-water interface have been determined for a series of bolaform electrolytes (R3N‘-(CH2)n ' NRs
where R = methyl or n-butyl and n = 4, s, and 12). The parameters are compared with those of mono-
quaternary ammonium salts, CHs(CH2)n +NRs. It is found that the Cbolaform electrolytes (but not
the C4 and Cg homologs) form vertical loops or “wickets” at the air-water interface.

Introduction

Organic molecules possessing two positive or negative
sites separated by relatively great distances have been eu-
phoniously designated “bolaform electrolytes.» s This
paper concerns itself with dicationic bolaforms of the gen-
eral structure

R,N-(CHg),-XR.
R = Me /i-Bu
N= 4,8 12

We will represent the various bolaforms as CsMe6, CgBusb,
etc., depending on the chain length and alkyl group on
the nitrogen. A simple surfactant such as dodecyltri-
methylammonium ion will be abbreviated CizMe3.

Bolaform electrolytes have not received all the attention
they deserve. The compounds can display physiological
activity.s« bind to polymers;s s associate in water,7 and
form crystalline clathrates.s Additional references can be
found in a few recent articless-11 Our interest in bola-
forms stems from our previous work with amphiphilic
substances,12-13 and from the obvious resemblance of bo-
laforms to the pairs of lipid molecules which comprise bi-
ological membranes.14 We have collected surface tension
and kinetic data with the objective of learning more about
the interfacial and micellar properties of the homologous
series of bolaform electrolytes. Critical micelle concentra-
tions, molecular areas, coareas, and standard free energies
of adsorption have been determined. We also focused on
the interesting question of whether or not bolaform elec-
trolytes form “wickets” at the air-water interface.

Experimental Section

Preparation of Compounds. The preparation of octane-
1,8 -bis(trimethylammonium) dibromide (CgMe6) typifies
the procedure used for all the bolaforms. 1,8-Dibromooc-
tane (25.10 g, 0.092 mol) and anhydrous trimethylamine
(30.0 g, 0.51 mol) in 25 ml of absolute ethanol were boiled
under reflux for 47 hr. The material obtained after remov-
al of the solvent with a rotary evaporator was crystallized
from ethanol-ether. The crystals were then dried in a vac-
uum desiccator at ambient temperature and 1-mm pres-
sure for 12 hr to give 33.70 g (94%) of the desired product,
mp 298-300° dec (litis >280°). Since the ir spectrum
showed the presence of water, the compound was dried
again at 2 mm and 110°. Elemental analysis and melting
point data are given in Table I. Bolaforms were routinely

tested for the presence of primary and secondary
amines. 16

Surface Tension Measurements. Surface tensions were
obtained with a Fisher Model 21 Tensiomat (employing
the de Nouy ring method) after calibration of the torsion
wire. A freshly prepared aqueous bolaform solution was
poured into a clean 50-ml beaker with a mean diameter o:
39-40 mm. Apparent surface tensions were measured a
minimum of 10 times by manual control of the dial. The
platinum-iridium ring was then removed, rinsed with dis
tilled water, flamed, dipped while hot into dilute HCL
rinsed with distillec water, and flamed a second time in
preparation for the next measurement. Since the experi-
ments were carried out at ambient temperature, the room
temperature was recorded immediately after the last sur-
face tension reading for each solution. The dew point and
barometric pressure were also noted.

Apparent surface tensions were multiplied by a correc-
tion factor F. calculated from eq 1 as supplied with the

/f 01457P
~ATEERTY L+ 004534 -

F = 07250 + 1679/- R 111
tensiometer, in order to secure absolute surface tensions.
R, r. and S are the radius of the ring, the radius of the
wire of the ring, and the circumference of the ring (all in
cm), respectively; P is the apparent surface tension read-
ing in dyn/cm; b and d are the densities of the aqueous
solution and the air above the interface in g/cm3. The
value of rR/r was furnished with the ring when it was pur-
chased. The density of the moist air in g/cms was calcu-
lated from eq 2 where T is the absolute temperature, B is

¢ = 00012929 273.13/Tyre - 0-3783e¥/760] (9

the barometric pressure in mm, and e is the vapor pres-
sure of the moisture in the air in mm.17 Correction factors
obtained via eq 1 agreed to better than o.2% with those
obtained by Harkins and Jordan.1s Likewise, the absolute
surface tension of pure water agreed to within o.2% of the
literature value. 19

The kinetic methods were very similar to
those in a previous publication. 12

Kinetics.

Results

Surface area calcu.ations were based upon the Gibbs
adsorption equation for a 2:1 electrolyte with no added
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TABLE I: Melting Pointand Analytical Data for the Bolaform Electrolytes

Bolaform-" Mp, °C Lit. mp, °C c
CqM- 06 348-349 320» 35.95
C.B16 155-156 57.33
C*Met 298-300 >2806 43.09
CsBug 122-123 123-125» 59.80
CrMe6 229.5-230 228.5-230.5% 48.44
CnBu6 e 61.87

Calcd, % Found, %
H N C H N
7.84 8.38 35.66 8.15 8.36
10.65 4.78 57.52 10.67 4.82
8.78 7.18 42.96 8.93 6.91
10.98 4.36 59.96 11.09 4.16
9.48 6.28 48.21 9.68 6.09
11.25 4.01 61.69 11.20 4.17

aE. J. Gabbay, Biochemistry, 5, 3036 (1966). bReference 15. ¢ Reference 8. dR. B. Barlow and A. Zoller, Brit..J. Pharmacol.., 23, 131 (1964). ¢ This compound
is a viscous pale yellow oil which did not crystallize upon cooling in a Dry Ice-acetone bath or after sitting in a refrigerator for several months. f All bolaforms

are dibromide salts.

saltzo

1r _ 3RTd InC O
where y, C, and I' denote surface tension in dyn/cm, bulk

concentration in molarity, and surface excess in mol/cm2,
respectively. Equation 4 (where N = Avogadro’s number)

4 = 10'°/TN o)

gives the surface area in A2per molecule. Two methods
were used to secure the surface areas. First, the rectilinear
midportions of y vs. log C plots21 were selected visually.
The slopes of these lines, obtained by a least-squares
treatment, were inserted into eq 3 to obtain T and hence
A. In the second method, we fitted y vs. In C data to a
second-order polynomial of the formy = Ai+A2InC +
As (In Cy2 utilizing either a Marquardtzz or Hartleyzs al-
gorithm. The values of the first derivatives of y with re-
spect to In C at appropriate values of C were then substi-
tuted into the Gibbs isotherm. The coefficients of the
nonlinear regression are listed in Table Il for seven surfac-
tants.

The surface pressure (ir in dyn/cmi at a given bolaform
electrolyte concentration was obtained from the difference
between the surface tension of pure water and that of the
solution. At low surfactant concentrations, surface activi-
ty coefficients equal unity, and w is linearly related to C.
This is seen in Figure 1 for CizMes and Ci2Me6. If C is
small, the standard free energy of adsorption in kcal/mol
of a surfactant at an air-water interface is given by eq 5
(Where . is the slope of the ... C plot at low C).24-25

AGVW = —RT In = -RT Ina (5

Surface tension data, treated as described above, led to
the following conclusions concerning interfacial and mi-
cellar properties of bolaform electrolytes in aqueous solu-
tions in the absence of added salts.26

(1) C2sMes shows no surface activity or indication of mi-
cellization over the concentration range studied (0.005-
0.100 M). In contrast, C4sBUs displays surface activity
(eg-, y = 57.5 at 0.100 M and 24° compared withy = 72.1
for pure water at 24°). The cmc of C4sBuU6, if one exists,
must exceed the highest concentration studied (0.505 M).

(2) CsMes exhibits surface activity (e.g., y = 634 at
0.100 M and 22°),27 but its cmc, if one exists, must be
greater than 0.504 M. The same holds true for CgBug for
which y = 537 at 0.100 M and 24.5°. Comparison of
C4BUs with CsBus shows that the latter is somewhat more
surface active, which is consistent with the generalization
that for a given head group the surface adsorption in-
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TABLE I11: Calculated Coefficients of the
Second-Order Non-Linear Regression Equation
Fitted to the Experimental Data»

Coefficients

Surfactant Ai A3
CBub 42.85 -7.975 -0.5776
CsMes 42.32 -12.65 -1.371
CsBub 41.05 —6.4a9 -0.3437
Ci;Me, -71.50 -35.73 -2.268
CijBue -57.82 -22.91 -1.036
Ci.Mej -81.13 -36.29 -2.161
CiBu3 -85.02 -26.69 -1.144

» Surface tensions may be calculated at various surfactant concentrations
with an accuracy of ,-2r\ using the equation 7 = A14 A:In Cf A3
(InO"-.

Figure 1. Plots of surface pressure (#, dyn/cm) vs. concentra-
tion of (A) Ci2Me3and (B) C12M66 in the ideal region.

creases (and the cmc decreases) with increasing chain
length.

(©) Both CizMes and Ci2Bus form micelles as evi-
denced by sigmoidal y vs. log C plots cf the type first ob-
served by Milner.2zs Such a plot for Ci2Bus is shown in
Figure 2 along with that for Ci2Bu3. Although the curve
for C12BUs is seen to have a sharp transition at its cmc,
this is not the case for the bolaform electrolyte. The wide
micellization range for Ci2Bus may mean, if the “mass
action” theory of micelle formationzs is correct, that the
aggregation number of the micelle is small. We estimate
that the cmc values for Ci2Mes and Ci2B u6 are 0.02-0.03
and 0.002-0.004 M, respectively. Addition of NaCl or
NazSo4 to maintain an ionic strength of 1.0 lowers the
cmc of CizMes by a factor of 3-4. The absence of a mini-
mum at the cmc in Figure 2 is a good indication of bola-
form purity.so
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Figure 2. Plots of surface tension (7, dyn/cm) ys. log of the
concentration of Ci2Bu3 (O) and C12Bu6 ().

TABLE I111: Surface Areas and Standard Free
Energies of Adsorption for Mono and
Bis Quaternary Ammonium Salts

Surfactant* Area, AVmoleculei AG°a-\v, kcal/mol

CbBus 216 -3.53
CsMe( 151 -2.38
CsBuc 258 -4.46
Ci-.Me6 107 -4.72
CiBub 146 -6.68
CiaMe3 55 -4 .95
CriBu.i 73 -6.95

a1l salts have bromide counterions. bEstimated uncertainty = * 59c.

(4) Molecular areas at the air-water interface are pre-
sented in Table Ill. These surface areas were calculated
using the rectilinear portion of 7 vs. log C plots. In this
region of “saturation adsorption,”3lL the area per mole-
cule is practically independent of bulk concentration and
surface pressure. For our purposes it is unnecessary to at-
tach physical significance to the area parameter; we sim-
ply regard the areas as measures of the relative degree of
interfacial surface occupied by adsorbed surfactants.
Ciz2Mes has a surface area of 55 A2/molecule which is con-
sistent with the value of 61 A2molecule for CiiMes ob-
tained by other workers.32 Importantly, comparison of the
C12 compounds in Table Il shows that the bolaforms have
twice the surface area as their “one-headed” counterparts.

(5) Standard free energies of adsorption, listed in Table
111, were calculated by inserting the slopes of wvs. C plots
(Figure 1) into eq 5.33 The free energy of adsorption per
methylene for the bis(trimethyl)ammonium derivatives is
found to be -0.59 kcal/mol in good agreement with a lit-
erature value of -0.60 kcal/mol obtained with another
system.34 One-fourth the difference in free energies be-
tween C12Bu6 and CgBub6 gives a AG°Aw per methylene =
-0.56 kcal/mol for the bis(tributyl)ammonium bolaforms.

Discussion

Bis(tributyl)ammonium bolaforms are more surface ac-
tive than their bis(trimethyl)ammonium homologs. For
example, C4Me6 exhibits no surface activity, whereas
0.100 M C4Bu6 lowers the surface tension of water by
about 15 dyn/cm. From Table Ill it is evident that both
CsBu6 and C:2BUs have more favorable free energies of
adsorption (by 2 kcal/mol) than the corresponding methy-
lated bolaforms.

Compelling evidence exists that CizMes and Ci12BUs
assume “wicket-like” conformations (Figure 3) at the air-
water interface. Thus, the CizMes and Ci2Bu6 have sur-
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Figure 3. Schematic representation of the orientation of Ci2Me6
and C12Buj dibromides at an air-water interface with high sur-
face pressure.

face areas which are, respectively, twice those of CizMes
and Ci12BUs (Table I1l). Under the relatively high pres-
sures where the surface areas were determined, CsBus.
CgMes, and CgBus have larger molecular areas than any
member of the Ci2 series (Table Il1). Therefore. C4 and Cg
compounds seem to resist vertical looping, prefering in-
stead to lie horizontally on the water surface in a gaseous
soluble film. Resistance of CsBus to buckling is not sur-
prising in view of the well-known preference of butane to
assume the anti conformation rather than the eclipsed
conformation. Pressure-area curveszs support the “wick-
et” hypothesis. For example, although CgMe6 and Ci2Mes
have similar areas at low pressures (it < 5 dyn/cm),
CgMe6 gives a more expanded monolayer (i.e.. a greater
area for a given value of w) at ir > 10 dyn/cm.

The coareas, AO. of the bolaform electrolytes are also
relevant to the question of molecular configuration at the
air-water interface. Coareas are calculated from the slopes
of wA us. 7 plots which, according to the Amagat equation
(eq 6),3 are linear for many films at higher values of 7.

A = 7mAo+ constant (6)

The parameter is useful in that it approximates the cross-
sectional areas of the interfacial molecules. Hence, AO is
smaller than the surface area A which incorporates both
the molecular area and the area of the solvation layers.3L
On the other hand, Ao sometimes exceeds the true molec-
ular area owing to thermal effects. The coarea of Ci2Me3,
31 A2/molecule, is cpnsistent with the area of 28 A2/
molecule determined with the aid of molecular models
and with the assumption that the dodecyl chain is aligned
perpendicular to the interface. The coarea of CizMes is 58
A2molecule, in agreement with the theoretical value of
54 A2/molecule obtained by assuming a “wicket” configu-
ration. If CgMe6 lies horizontally at the interface with no
arching, the expected area is roughly 102 A2/molecule; the
experimental value is 87 A2/molecule.

The remainder of this discussion will be devoted to the
micellar properties of bolaform electrolytes. As we pointed
out in the Results section, Ci2Me6 and Ci2Bu6 (but not
the C4 and Cg compounds) form micelles. Since Pearson3%
feels that CioMe6 is not micellar in the usual sense of the
word, bolaforms of the type CnMe6 do not form micelles
at less than 0.1 M unless n > 12. Ci2Me6 has a cmc of
0.02-0.03 M, as determined by surface tension measure-
ments, which is surprisingly close to the cmc of 0.012 M
for CizMes. Owing ro the fact that cmc determinations
often depend upon the experimental method,37 we also
measured the cmc cf Ci2Me6 by the spectral shift tech-
nique38 using the absorbance of Orange Il at 500 nm and
25.0°. The cmc obtained in this way falls within the range
of 0.04-0.05 M. Ci2Bu6 is endowed with a cmc many fold
smaller than that of Ci2Me6; this probably reflects a more
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favorable entropy of micellization for the larger head
group.3 Standard free energies of micellization40 for
CizMes and Ci12BUs favor formation of the latter by 1.2
kcal/mol.

Adsorption onto or into micelles often perturbs the
reaction rates of organic molecules.4142 Analysis of the
rate data using the equations of Menger and Portnoyl2 al-
lows the evaluation of substrate-micelle association con-
stants as well as the reaction rate of adsorbed material.
We have applied this kinetic method to bolaform systems.
C™Mee was found to have a negligible effect on the hydrol-
ysis rate of p-nitrophenyl dodecanoate at pH 12.00 and
25.0° (e.g., the rate increases 10% upon addition of 0.100
m C.(Me6). On the other hand, 0.100 m Ci2Mes enhances
the rate of ester hydrolysis 28-fold. A log &sd vs
[Ci2Mes] plot is sigmoidal with a flex point near 0.04 m.
Since this concentration corresponds to the cmc deter-
mined from surface tension and spectral data, the rate in-
creases must be micellar in origin. Unfortunately, the
transition at the cmc is not sufficiently sharp to permit an
accurate evaluation of ester-micelle association constants.
Experiments with p-nitrophenyl octanoate in CizMes so-
lutions show that 0.08 m bis quaternary ammonium salt
increases the hydrolysis rate only twofold; the effect of
Ci2Mes is much largeri2 It appears then that either
CizMes binds hydrophobic substrates more efficiently
than does Ci2Mes or else the CizMes micelle has a higher
concentration of catalyst (i.e., hydroxide ion) at its sur-
face where hydrolysis of bound ester takes place.

One of the main conclusions of this paper is that Ci2
bolaform electrolytes fold at the air-water interface. At
present it is not known whether a bolaform molecule is
also folded within a micelle or whether it extends linearly
across the entire width of the micelle. Characterization of
the size, shape, and molecular weight of bolaform micelles
would remove this uncertainty.
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The decay kinetics of adsorbed CH3 radicals produced by y-irradiation at 77°K of silica gel containing
adsorbed methyl halides indicate the presence of several types of trapping sites. The decay rates are all
first order with respect to the initial concentration and the predominant decay processes have activation
energies of 3-6 kcal/mol. The relative yields of the more rapidly decaying populations decrease with in-
crease in the temperature (25. 460. and 600°) at which the gel is evacuated prior to irradiation at 77°K.
The nature of this decrease suggests correlation with the changing ratio of geminal to vicinal to isolated
hydroxyl groups on the surface. y-lrradiation at 300°K of silica gel containing CH3I produced no observed
CHS3 but photolysis of the sorbed CH3I at either 300 or 77°K yielded stable radicals.

Introduction

y-Irradiation at 77°K of silica gel containing adsorbed
methyl halides produces surface stabilized methyl radi-
cals. the yields and chemical reactions of which have been
investigated.2 3 These decay on warming and are unobser-
vable at room temperature.4 Surface stabilized CH3 are
also formed bv photolysis of methyl halides on silica gels-8
or porous Vycor glass.9 11 and a portion of these are stable
at room temperature.6-8-9a Their decay on porous glass
has been briefly studied.910 The present work has investi-
gated the usefulness of studies of decay kinetics of sorbed
radicals as a source of information about the properties of
surfaces and has sought answers to the following ques-
tions. (1) Are the radicals stabilized by caging in pores9 of
the gel. or by binding to surface sites? (2) Are CH3 radi-
cals on silica gel held with a continuum of trapping ener-
gies, with identical energies, or in a few homogeneous
groups of different energy? (3) Are the radical decay Kki-
netics correlated with the conformations of hydroxyl
groups on the gel surface? (4) Are CH3 radicals produced
from CH3I by y-irradiation and by photolysis bound to
the surface in the same way?

Experimental Section

Materials. Davison Chemical Co. Grade 950 60-200
mesh silica gel with a stated BET surface area of 700 m2
g_1 was heated in air at 200° for 2 hr prior to sample
preparation, to remove organic impurities. It was then
pumped on for 24 hr on the vacuum line at either room
temperature, 460, or 600°, during which time the pressure
dropped to 10~5 Torr. The desired sorbate was then intro-
duced by condensation of a metered volume of the vapor
and the sample was sealed off. All samples were thorough-
ly mixed by shaking and were stored at room temperature
for several hours prior to irradiation to allow random sur-
face distribution of the sorbates. CH3Cl and CH”Br were
used as received from the Matheson Chemical Co. Gas
chromatographic tests showed that the purity of each was
greater than 99.5%. Aldrich CHS3I| (purity greater than
99.9% by gas chromatography) was stored over silver pow-
der.

In this work the concentrations of adsorbed compounds

are expressed as mole fractions, using 60 as the molecular
weight of silica gel. The 6 x 10~-3 mole fraction of CH3CI.
typically used, was equivalent to 1.7% of a monolayer cov-
erage assuming 20 A2 as the space occupied by one CH3Cl
molecule.

Irradiatinns. Samples for y and uv irradiation and esr
examination were prepared in 3-mm i.d. Suprasil tubes as
previously described.2 For uv irradiations the samples
were held in the finger of a liquid nitrogen esr dewar
which was surrounded by a 12-mm i.d. Vycor tube to re-
move 185-nm radiation and inserted in the center of a
guartz spiral low-pressure mercury lamp which delivered
about 1016 photons sec-1 of 254-nm radiation to the sensi-
tive region of the sample.12 or were exposed to unfiltered
collimated light from a quartz jacketed AH-4 lamp.

Decay Measurements. Esr measurements were made in
the X-band with a Varian V-4500 spectrometer with a V-
4531 cavity, using 100-kHz field modulation, and micro-
wave power levels of 0.25-8 mW. For temperatures of
129°K and above, where spectral resolution did not in-
crease with temperature, relative radical concentrations
during decay were assumed to be proportional to the peak
heights of their esr spectra (after correction for the change
in esr sensitivity with temperature). Desired temperatures
in the range 129-262°K were maintained within +0.5°K
using a Varian variable temperature device. During decay
the whole CH3 rad.cal spectrum was recorded repeatedly
in time intervals of 2.5 or 5 min.

Results

Decay of y-Produced CH3as a Function of Dose. Tem-
perature. and Pret-eatment of the Gel. Curves for the
decay at 129°K of CH3 radicals produced by y-irradiation
at 77°K of silica gel containing adsorbed CH3CI are shown
in Figure 1 for different y doses. Zero time on this decay
plot is the start of warm-up of the sample to the desired
decay temperature following reading of the initial radical
concentration at 77-78°K with the esr sample tube in the
variable temperature device. Rapid warm-up was
achieved by briefly stopping the cold nitrogen flow. Sam-
ples stored under liquid nitrogen for 14 days did not show
any radical decay.

The Journal ol Physical Chemistry. Vol. 78. No. 14. 1974
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Figure 1. Decay of CH3 on silica gel at 129'K following produc-
tion with different radiation doses. Solid lines with left-hand
scale show linear plots. Dashed lines with right-hand scale
show logarithmic plots: gel treatment, 2 hr in air at 200°, 24 hr
at 460° with a final pressure of 10-5 Torr, sorption of 6 X 10~3
mole fraction of CHjCI: 7 -irradiation at 77°K. Esr measurements
made at a power of 8 mW.

Figure 2. Effect of temperature on decay of CH3 on silica gel
evacuated at room temperature: gel treatment, 2 hr in air at
200°, 24 hr at 25° at <10~4 Torr, sorption of 6 X 10-3 mole
fraction of CH3Il, 7 -irradiation at 77°K, 7-dose 16 X 10'“ eV
g_'.Esrpower 8 mW.

As noted earlier,2 the increase in radical concentration
with dose is less than proportional to dose. The initial rise
shown by the solid lines of Figure 1 results from a narrow-
ing and heightening of the lines of the CH3 esr spectrum
as it becomes better resolved on warming to 129°K. This
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Figure 3. Effect of temperature on decay ot (JH3 on silica gel
evacuated at 460°. Gel treatment and esr power same as for
Figure 1: 7 -irradiation at 77°K, 7 -dose 20 X 10's8eV g _

Figure 4. Effect of temperature on decay of CH3 on silica gel
evacuated at 600°: gel treatment, 2 hr in air at 200°, 24 hr at
600° at 10~4 to 10~5 Torr, sorption of 6 X 10-~3 mole fraction
of CH3Br, 7-irradiation at 77°K, 7 dose 16 X 1018 eV g-'. Esr
power 2 mW.

change is reversible on cooling the sample to 77°K. It
would be larger if the esr sensitivity did not decrease with
rise in temperature. In all subsequent decay plots zero
time has been taken as the maximum of this rise. Very
few radicals disappear during the short warm-up period.
The effect of temperature on the rate of decay of CH3
produced on silica gel by 7 -irradiation is shown in Figures
2-4 for gel pretreated by evacuation at 25, 460, and 600°,
respectively. In each case, as in Figure 1, there is an ini-
tial relatively rapid decay followed by progressively slower
decay which approaches a plateau. The fraction of the
total CH3 population which undergoes initial rapid decay
at a given temperature decreases with increasing tempera-
ture used during the preparatory evacuation of the gel.
For example, for decay at 129° this fraction is ca. 50% on
gel pretreated at 460° (Figure 3) and ca. 20% for gel pre-
treated at 600° (Figure 4). The data for the two experi-
ments done with evacuation at room temperature (Figure
2) suggest that most of the CH3 radicals on the gel are
sorbed on similar sites with a relatively low activation en-
ergy for the decay process, since the decay curves at 142
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Figure 5. Growth of CH3 concentration during photolysis of CH3I
on silica gel at 77°K, and decay in dark at room temperature.
Gel contained 6 X 10«3 mole fraction of CH3l, sorbed after 24
hr evacuation at 460° and 10“3 Torr. A 7 dose of 6 X 10'9 eV
g“ 1 at 77°K prior to illumination produced the CH3 concentra-
tion shown by the horizontal line preceding zero on the time
scale. At A the sample was exposed at 77°K in the esr cavity to
the light of the AH-4 lamp. At B the illumination was stopped and
the sample warmed to room temperature.

and 168°K are nearly superimposable, whereas those on
the gels pretreated by evacuation at higher temperatures
show evidence for three or more differently sorbed popula-
tions.

CHz Radicals Produced by Photolysis of Methyl Halides
on Silica Gel at 77 and 300°k. When silica gel. prepared
by evacuation at 460° and containing ¢ x 103 mole frac-
tion of CHa3I, is exposed at 77°K in the esr cavity to the
unfiltered light of a quartz-jacketed AH-4 medium-pres-
sure mercury arc, the four-line spectrum of CH3 radicals
grows. On warming to room temperature following illumi-
nation, it decays rapidly to about 1% of its peak intensity,
at which point the remaining radicals decay relatively
slowly (Figure 5). Similar samples exposed for 5 min at
77°K in the low-pressure spiral mercury lamp with Vycor
filter contained 30-fold higher CH3 concentrations than
produced by a 1.6 x 10:9 eV g+ 1 dose.

The sorbed CH3 radicals produced by photolysis at
77°K differ from those produced by 7 -irradiation in at
least three ways. (1) The four well-defined lines of the
CH3 esr spectrum are accompanied by only six very weak
satellite lines, whereas the spectra of 7 -irradiated samples
have a complex satellite structure of over 16 lines (which
is greatly reduced on warming to 110°K or above and
reappears on returning to 77°K). (2) The fractions of the
radicals which decay rapidly on heating to 129 or 168°K
appear to be smaller than in the case of the 7 -irradiated
samples (Figures ¢ and 3). (3) About 1% of the radicals
produced photolytically at 77°K remain at 300°K and
decay relatively slowly (fi/2 = ca. 100 min).

Photolysis at 300°K of CHsl sorbed on silica gel pro-
duces CHs radicals in about the same yield and with
about the same decay characteristics as those which re-

1393

Figure 6. Effect of tenperature on decay of CH3 radicals formed
by 5-min photolysis cf CH3l on silica gel at 77°K using the spiral
lamp. Gel treatment and esr power same as for Figures 1 and
3.

main after photolysis for the same time at 77°K and
warming the sample to 300°K. In contrast a 7 dose of 7.6
x 102 eV g+<1 on silica gel pretreated by evacuation at
460° and containing s x 10“3 mole fraction of CH3CI gave
no detectable CHs esr signal.

For radicals produced by photolysis at 299°K using gel
evacuated at 460°, the decrease in initial concentration in
10 min at 299, 318 338, 362, and 374°K is approximately
15, 20, 68, 78, and ss8%, respectively. At 299 and 313°K, 30
and 13% of the radicals, respectively, are still present at
500 min. The decay kinetics are complex.

Discussion

Implications of Decay Curves of 7-Irradiated Samples.
The curvature of the semilogarithmic plots of Figure 1 in-
dicates that the CHs radical decay on the 7 -irradiated sil-
ica gel is not a single first-order process and plots of I/(esr
signal height) vs. time show curvature at the start, indi-
cating that the decay is not a single second-order process.
When the curves of Figure 1 are normalized with respect
to the concentration at 200 min they superimpose
throughout (with minor deviations at short times), indi-
cating that the fractional rate of decay per unit time is in-
dependent of the initial concentration, although it is a
function of the fraction decayed. Such a decay pattern
may result from the presence of a limited number of dif-
ferently stabilized populations of CH3 radicals, each of
which decays by a pure first-order process with a different
decay constant, or from a continuum of stabilized states
resulting in a continuum of decay probabilities. Figures 3
and 4 show that at successively higher temperatures new
plateaus of very slow decay are approached, suggesting
discrete populations with different activation energies for
decay. Although the available data do not define these
plateaus perfectly, it is of interest to approximate a reso-
lution of the separate processes which they imply. The
most reproducible way of achieving this resolution which
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TABLE I: Tentative Resolution of Different
Populations of CH: Radicals on Silica Gel by Studies
of Decay Rates at Different Temperatures*

Decay populations

Tof 1 "
decay, DOSE,  =--e-pras-eeeeee .

°K = eV g‘ k 0 k v
0.5 X 10-'» min"1 0 min -1 % %

129 4 0.022 48
20 0.036 50
100 0.035 53

142 20 0.092 56

168 4 0.63 45 0.15 33
20 0.63 52 0.16 26
141 0.60 52 0.19 22

193 20

236 8 *74% 19 7

° Silica gel heated in air at 200°, evacuated 24 hr at #460°, ~-irradiated
at 77°K with 6 X 10_3 mole fraction of adsorbed CHZI. oo fast to mea-
sure.
we have found employs plots of I/(esr signal height) vs.
time. These show initial curvature terminating in an ef-
fectively straight line on the time scales covered. After ex-
trapolation of the straight line to zero time, the time de-
pendence of the relatively rapidly decaying population is
evaluated from the difference between the extrapolated
line and the curved portion of the plot. When the loga-
rithms of this difference in concentration are plotted for
the data at 129 and 142°K, straight lines are obtained. At
168°K the log [CH3] vs. t plot can be resolved into two
first-order components. The data for 193 and 236°K indi-
cate two additional components (Table ). The activation
energy derived for component | from the values of ki in
Table I is 3 kcal mol-1 and the values estimated for com-
ponents Il and Ill, with the aid of additional data, are 5
and s kcal mol-1. Component IV disappears below room
temperature but the rate as a function of temperature was
not determined.

Conclusions

The results of this exploratory investigation show that the
fractional rates of decay of methyl radicals on silica gel
vary with time, temperature, pretreatment of the surface,
and method of formation of the radicals. The variation
with time (Figure 1) indicates that the radicals are sorbed
in more than one way with respect to the forces which
control decay. The approach to different plateaus of decay
at successively higher temperatures suggests that there
are a few discrete populations, and the somewhat arbi-
trary but plausible analysis of Table I indicates four such
populations.

The difference in the distribution of decaying fractions
between the gels prepared by evacuation at 25, 460, and
600° (Figures 2, 3, and 4) suggests strongly that the num-
ber and distribution of the hydroxyl groups relative to si-
loxane bonds on the gel surface determines the relative
proportions of the different decaying populations. For gel
dried at 100° in air Peri and Hensley:s obtained evidence
that all of the hydroxyl groups are paired, 81% being gem-
inal and 19% vicinal. We have obtained 73-79% of CHs
radicals in population I, 11-14% in Il, and 10-14% in the
remainder for samples heated at 200° in air and evacuated
for 24 hr at 10-s Torr. Estimatesis for gels pretreated in
air at 500 and 600° indicate about 50% of the hydroxyls to
be geminately paired, 35% vicinal, and 15% single. For gel
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evacuated at 460°, we find ca. 50% of the radicals decay-
ing as population I, 30% I, 15% Ill, and 5% IV.

The greater stability of CH3 radicals from photolysis of
CH3I on silica gel than of radicals produced by radiolysis
indicates that the ease of decay is influenced by (a) the
energy with which the CH3is born as a determining factor
in how it is adsorbed or (b) the nature of its dissociation
partner (I or 1~); or (c) the specific nature of the site on
which the CH3I is absorbed.14

The above Findings suggest the speculation that the rel-
atively rapidly decaying first 50% of the radicals sorbed on
the “460° gel” (population 1) may be associated with ad-
sorption in conjunction with geminal hydroxyl groups

r>c0)

that population Il may depend on the presence of vicinal
hydroxyl groups

JOH HCF
sr > 9

population 11 on isolated hydroxyl groups, and population
IV on adsorption on other active sites on the surface or
stabilization by caging effects in pores. The larger (and
apparently faster) rapidly decaying component at 142 and
168°K on gel evacuated at 25° (Figure 2) as compared to
gel evacuated at 460° (Figure 3) may be due to the larger
number of geminal hydroxyl groups on the surface, or pos-
sibly to the effect of adsorbed layers of water.

The independence of fractional decay rates of the radi-
cals on the concentration requires that the rate-determin-
ing step in the decay be either (1) combination with a
predestined partner (most probably the geminate X or
X-), (2) abstraction of a hydrogen atom from a hydroxyl
group (which would be expected to have an activation en-
ergy too high for the fast decays observed unless tun-
neling occurs), or (3) the act of desorption, follow-
ing which it inevitably combines with another CH3
or an X, X-, or X2 regardless of their concentration,
without being readsorbed. Whichever mechanism or
mechanisms prevail the radicals must be sorbed in several
distinctly different types of trapping sites from which the
reaction occurs with significantly different activation
energies.
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Weak new absorption bands, not present in either parent compound, were observed when 2.4.7-trinitro-
9-fluorenone (TNF) was dissolved in tetrahydrofuran (THF). These new bands appear at ~4700, 5100,
and 6500 A and are attributed to the formation of a donor-acceptor complex between the two molecules.
A Benesi-Hildebrand analysis of a 5.0 x 10~3 m solution showed the extinction coefficient of the com-
plex to be ~10 m 1 cm'l at 4700 A and the equilibrium constant to be ~0.06 M _1. Under monochro-
matic irradiation, the solution exhibited photoconductivity that closely paralleled the photoresponse
curve of a TNF single crystal. No photoconductivity was observed in the absorption bands of the donor-
acceptor complex. The saturation photocurrent was found to be proportional to the applied potential, the
square root of the incident photon flux, and TNF concentration. The photocurrent decayed by second-
order kinetics when the light was terminated while initial irradiation produced a hyperbolic tangential
growth curve in the photocurrent. A bimolecular recombination mechanism is proposed which explains
the dynamic and static behavior of the photoproduced charge carriers. The steady-state photocurrent is
then expressed in terms of Ohm'’s law which exhibits the appropriate dependence on applied voltage,
light flux, and TNF concentration. Upon uv irradiation or prolonged standing the solution undergoes an
irreversible color change from a pale yellow to a reddish-orange with a simultaneous decrease in photo-

conductivity.

Introduction

2,4,7-Trinitro-9-fluorenone (TNF) is widely used as an
electron acceptor to form solid state donor-acceptor com-
plexes with aromatic polynuclear hydrocarbons which ex-
hibit new optical absorption bands in the visible spectral
region characteristic of the complex.12 Of current interest
is the donor-acceptor complex formed between electron
acceptors such as TNF and molecules of a carbazole base,
particularly the photoconductive polymer, poly(N-vinyl-
carbazole) (PVK).313 Although TNF and PVK are sepa-
rately photoconductive, correlations between electrical
and optical properties have shown that with the formation
of a complex between the two molecules in the solid state
the photoconductivity is significantly enhanced and ex-
tended to the spectral region of absorption of the donor-
acceptor complex.

Tetrahydrofuran (THF) is a liquid of the cyclic ether
variety. It has been used as a solvent in the investigation
of the spectroscopic properties of the donor-acceptor com-
plex between TNF and PVK in solutionll and to solvent
cast this complex onto appropriate substrates.610 THF
has been found to behave as an electron donor itself,
forming complexes with the electron acceptors tetracya-
noethylene, maleic anhydride, and pyromellitic dianhy-
dride.l4 17 Each of these donor-acceptor complexes of
THF were found to exhibit esr signals and photoconduc-
tivity when irradiated in the region of absorption of the
complex. This was interpreted as a photoinduced ionic
dissociation of the complex by complete charge transfer
from donor to acceptor.

Solution photoconductivity of organic materials not in-
volving charge-transfer complexes have been observed for
pyranthrene in benzene and was attributed to a single-
photon process involving interaction between the elec-
trode and an absorbed pyranthrene layer.18 Bimolecular
ionization of the triplet state accounted for photoconduc-

tion of anthracene, naphthalene, phenanthrene. and py-
rene in solvents of appropriate dielectric constant.19 Flash
photoconductivity of rubrene in benzene was shown to be
limited by diffusion of excited rubrene molecules to the
anode.2

A general observation that has been reported when
using cyclic ethers as a solvent or as an electron donor in
these type measurements is the irreversible degradation of
the system after prolonged standing or continuous ultravi-
olet irradiation.15-17 In general, the total amount of pho-
toproducts produced in these cases in the time taken to do
any electrical measurements is negligible. The explicit
identification of the products have only been accom-
plished in a few cases.15 Identification of the photoprod-
uct observed in this work is underway and will be present-
ed in a subsequent report.

Experimental Section

Eastman Kodak 2,4,7-trinitro-9-fluorenone and Burdick
and Jackson tetrahydrofuran were used in these measure-
ments. The tetrahydrofuran was bottled under a nitrogen
atmosphere and contained no stabilizers. Both chemicals
were used without further purification. Spectroscopic
measurements were made with a Cary 14 recording spec-
trophotometer. The sample compartment in which the
photoconductivity measurements were made consisted of
parallel nesa plates with a variable separation controlled
by a micrometer screw drive. The sample was held in
place by the surface tension of the liquid. A potential was
applied between the plates using a 412B Fluke power sup-
ply. The steady-state light intensity dependence and the
dynamic behavior of the photocurrent was monitored
using a Keithley 610BR electrometer and recorded on a
Hewlett-Packard 7100B strip chart recorder. The light
source consisted of an Osram 1000-W xenon arc lamp fil-
tered through a Leiss double quartz prism moriochrometer
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ENERGY (ELECTRON VOLTS)

Figure 1. Apparent extinction coefficient of TNF vs. wavelength:
(@) TNF in dichloromethane, (b) initial absorption of TNF in
THF, (c) TNF-THF after 0.5 hr standing: and (d) TNF-THF
after 2 hr uv irradiation.

operating with all slits at maximum extension. The light
intensity was measured with an SDG-100A calibrated
photodiode and was varied using calibrated Oriel neutral
density filters. Maximum photon fluxes were in the range
of ~1012-1013 photons sec-1 cm-2. Quantum gain curves
were measured by placing a 150-Hz chopper in the light
beam while monitoring the photocurrent output through a
resistor into a PAR Model 122 lock-in amplifier.

Results

The optical absorption spectra of TNF in THF solution
show three new weak bands, Figure 1, at 4700 (—2.63 €V),
5100 (—2.45 eV), and ~6500 A (~1.90 eV). These bands
are not present in the parent compound absorption. Vari-
ance of the donor concentration (THF) obeyed the stan-
dard Benesi-Hildebrand equation,2l Figure 2, yielding an
extinction coefficient of ~10 M_1 cm-1 and an equilibri-
um constant of ~6.0 x 10-2 M”1 at 4700 A. Using these
values for a 5.0 x 10“3 M TNF solution the extinction
coefficient as a function of wavelength was calculated for
the donor-acceptor complex, Figure 3.

The photocurrents in this system exhibited two distinct
types of behavior depending on the light level and the ap-
plied voltage. Upon exposure to lower photon fluxes and
applied voltages the photocurrent increased to a steady-
state value. However, upon raising the photon flux and
applied potential past a certain level the photocurrent ini-
tially increased until it reached a maximum where it then
decayed to a steady-state value. This investigation was
confined to the study of those photocurrents produced by
the lower levels of incident light and potential.

The quantum gain of the system, defined as the number
of electronic charges measured as photocurrent per photon
absorbed, shows the peak efficiency to be near 4200 A. No
photoconductivity was observed at wavelengths longer
than 4500 A, Figure 4. The quantum gain approaches
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Figure 2. Benesi-Hildebrand plot considering a 1:1 donor-ac-
ceptor complex between TNF and THF. /[A]Jo/OD(4700 A) is
plotted against 1/[D]Jo where / Is the optical path length (10
cm), [A]Ois the total concentration of TNF molecules, OD is the
optical density, and [D]o is the total concentration of THF mole-
cules.

ENERGY(ELECTRON VOLTS)
3.0 25 2.0 175
4000 5000 6000 7000 8000
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Figure 3. Extinction coefficient vs. wave'ength for the TNF-THF
complex based on the results shown in Figure 2.

unity as the TNF concentration is decreased. When the
system was exposed to light the photocurrent increased
proportional to the hyperbolic tangent of the time, Figure
5. Upon termination of the light, the photocurrent de-
creased according to a second-order rate equation, Figure
6. The steady-state photocurrent was found to be propor-
tional to the square root of the light intensity, and the
square root of the TNF concentration, Figure 7. Current
vs. Voltage curves show the photocurrent increases linearly
with voltage while the dark current varies approximately
as the square of the voltage, Figure 8. The photocurrent,
as used in this report, is the current in the light minus the
dark current.

Discussion

Analysis of the absorption bands in the visible spectral
region conform to a Benesi-Hildebrand equation for a 1:1
electron donor-acceptor complex in equilibrium with the
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Figure 4. Quantum gain vs. wavelength for a 5.0 X 10“3 M so-
lution of TNF in THF. The applied potential was 10 V across
3.81 X 10“2 cm. This is compared with the relative photore-
sponse for a TNF single crystal.9

Figure 5. The growth of the photocurrent for a 5.0 X 10-3 M
solution of TNF in THF. tanh® 1 (Jv/JlIss) is plotted against time.
The potential was 2.0 V across 3.81 x 10“2cm. The incident
wavelength was 4000 A

free molecules. The expression for the equilibrium con-
stant is given by

k = [DAV/[D]A]

where [DA], [D], and [A] are the concentrations of com-
plexed molecules, free donors, and free acceptors, respec-
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Figure 6. Decay of the photocurrent for a 5.0 x 10'3 M solu-
tion of TNF in THF. The reciprocal of the relative photocurrent
Is plotted against time. The potential was 2.0 V across 3.81 X
10" 2cm.

L~2  (RELATIV
e E)

Flgure 1. Steady-state photocurrent dependence on light intensi-
ty and TNF concentration. The relative photocurrent is plotted
against the square root of the relative light intensity (A 4000 A)
for a 5.0 X 10“ 3 M solution of TNF in THF (bottom) and the
relative value of the square root of the TNF concentration (top).
The concentration of TNIF was varied from 10-4 to 5.0 X 10-2
M. The potential was 10 V across 3.81 X 10“2cm.

tively. For the condition [D] » [Alo, where [A]o is the
total concentration of acceptor molecules, and using the
above value for the equilibrium constant gives [DA] ~
0.423[A]0. Calculating [DA] directly from its absorbance
in a 50 x 10“3 m solution using the above extinction
coefficient at A 4700 A gives [DA] ~ 127 x 103 wm.
These values are in approximate agreement and show that
the TNF molecules are between ~ 25-50% complexed.
The extinction coefficients calculated for the TNFiTHF
complex are several orders of magnitude smaller than
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Figure 8. Current-voltage dependence for dark and photocur-
rent (A 4000 A). Log (voltage) is plotted against log (current)
for a 5.0 X 10~3 M solution of TNF in THF. The potential was
varied from 1to 10 V across 3.81 X 10~2cm.

those normally reported for donor-acceptor complexes, in-
ferring that these are very weak interactions. On the basis
of the preceding results the following mechanism is pro-
posed to explain the generation and the behavior of the
photocurrents studied. No charge carriers are formed by
irradiation within the charge-transfer band. Therefore the
photoconduction process does not directly proceed by dis-
sociation of the complex upon excitation to form positive
and negative ions. By incorporating the light chopper and
lock-in amplifier the instrumentation in this experiment
is capable of detecting photocurrents of approximately
10 12 A in the presence of much larger dark currents.
This means that, if photoconductivity does exist in the
donor-acceptor absorption region, it would be seen if the
quantum gain is 0.02 or greater. No photoconductivity
was observed above a wavelength of 4500 A above which
the donor-acceptor absorption appears. The quantum gain
vs. wavelength curve of Figure 4 is identical in structure
with the photoresponse curve for a TNF single crystal.9 It
is thereby assumed that the complex does not contribute
to the process of photoconduction. The current-voltage
curves are different for the dark and the light and it was
observed that addition of TNF to THF had no effect on
the magnitude of the dark current or its current-voltage
characteristic. This suggests that the charge carriers in
the dark and in the light are different and that the photo-
current is totally dependent on the TNF concentration.
Thus, in the first step of the process the TNF molecules
initially absorb light creating a molecular excited state,
this process being proportional to L. the amount of light
absorbed
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This excited state can then relax tack to the ground state
with a rate constant fei

A* —k\$ A + energy )

An excited TNF molecule can react with a neutral solvent

molecule (THF) to give positive and negative charge car-
riers, this process occurring with a rate constant k2

A*+ B A- + B+ ®
These ions can recombine by a second-order mechanism

to give the neutral molecules, this reaction proceeding
with a rate constant k3

A-+B+— A+B @)

This formulation does not distinguish between excited
singlet or triplet state mechanisms as both would give
identical gross dependencies differing only by a combina-
tion of rate constants.

The kinetic equations correspond.ng to the above mech-
anism and leading to the parameter dependencies studied
in this work parallel those presented in ref 17, differing
only in definition of rate constants. These equations are
discussed in the Appendix.

The proposed mechanism gives for the photoconductive
steady-state concentration of charge carriers

"s=[yvtw] Vv'1 ®
where n is the concentration of both negative, [A-], and
positive, [B+], charge carriers. The increase in photocur-
rent when the sample is initially illuminated is

n(t) = tanh \(kz:L)mt]

©)
where « = k2/(ki + k2). The time dependence of the pho-
tocurrent decay when the light is switched off is given by
1
-
n(t) ns @)

The quantum gain, defined previously, is calculated
from the relationship

QG

The quantum gain is then related tc the TNF concentra-
tion and incident light intensity by (see Appendix)

1
9
¢NUZAF ©
Substituting the value for nss given in eq 5 into the Ohm’s

law expression for the concentration of charge carriers
gives for the photocurrent

(8)

QG *

Jp (10

Equation 10 accounts for the steady-state photocurrent
dependence of the three variables investigated, the ap-
plied voltage, photon flux, and TNF concentration. Al-
though TNF and THF interact to form a weak charge-
transfer complex and under the influence of light to form
charge carriers it is unlikely that this influences the re-
sulting charge-transfer complex of PVK:TNF when sol-
vent cast from THF. The possibility of the THF reacting
with TNF is essentially eliminated by use of amber flasks
which filter out the uv light initiating the photoreaction.
Mort and Emerald2 have obtained similar mobility data

e\ .Hkx+ Yy ]
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for holes and electrons in a PVK-TNF system cast from a
toluene-cyclohexanone mixture as those obtained by Gill8
casting the complex from THF. It was observed in this in-
vestigation that the TNF-toluene visible absorption spec-
tra closely resembled that of TNF-dichloromethane
shown in Figure 2 which shows no complexing.

Analysis of the photocurrents in the TNF-THF system
show that the low field and photon flux region to which
this investigation was confined was adequately described
by an Ohm’s law behavior with a bimolecular recombina-
tion mechanism for charge carriers. The quantum gains
calculated here are unusually large in comparison to other
systems reported in the literature, particularly for solid
arrangements. It is likely that in approaching the higher
field and photon flux region a transition occurs from the
bulk limited mechanism to one dependent on carrier neu-
tralization at the electrodes. The decrease in photocurrent
at the higher field and photon flux condition can not be
accounted for with the mechanism proposed for the obser-
vations made in this experiment.
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comments.

Appendix

The rate of change with time of the concentration of ex-
cited states [A*] is from eq 1-3

d[A*]/di = L - K.)[A*] (Al

The equation governing the formation of charge carriers is
fromeq 3-4

(k] +

dn/df = (',(',A*] — k:n'2 (A2)

Under steady-state conditions where d[A*]/di and dn/dt
are zero equating the right-hand sides of eq Al and A2
yields eq 5. When the light is terminated the concentra-
tion of excited states goes to zero. Integrating eq A2 under
this condition yields eq 7. The solution of eq Al for the
increase of [A*] when the light is switched on is the sum
of two terms, one being an exponential. When f » ki + k2
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this exponential term approaches zero. Under this condi-
tion eq A2 becomes

cn/dt + kinz —aL =0 (A3)

Integration of eq A3 gives eq 6.

Quantum gain calculations were made with the fol-
lowing approximations considered. For a liquid Labs = [1
- exp(—2.303f,y4d)]. To obtain a quantum gain us. TNF
concentration dependence at A 4000 A and d = 3.81
10“2 cm the TNF concentration was varied from 50 x
10“2to 10 4m. Expanding the exponential in a Taylor’s
series and retaining terms linear in concentration shows 1
- exp(2.303e,\[A]ld) = 2.303e\[Alc/ and the amount of light
absorbed becomes Labs = 2.303Lj,cE\[Ald. Substituting
the value for Labs into eq 8yields

QG = 4 geLime{Ald (A4)

Substituting the expression for the steady-state concen-
tration of charge carriers, nss, from eq 5 into eq A4 for J,,
gives the quantum gain dependence in eq 9.
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A method for the interpretation of linear dichroic spectra of disk-like molecules is discussed. The absorp-
tion spectra of coronene and penta- and hexahelicene are resolved into in- and out-of-plane polarizations
and compared with previously reported data and with theoretical predictions.

Helicenes have attracted considerable attention in the
last decade,2* due to the unique helical arrangement of
their aromatic rings.

Measurements of absorption, excitation, and CD spec-
tra and of emission polarization were reported for both
penta- and hexahelicene. The resulting polarizations and
rotational strength data were used to determine the chir-
ality of the molecules and then correlated with the molec-
ular handedness as established by X-ray data.

We shall discuss the determination of the polarization
spectra of penta- and hexahelicenes using linear dichroic
measurements and compare the results with the relative
polarization directions previously reported.

We have used a previously described technique tc incor-
porate compounds into stretched polyethylene films to es-
tablish the dichroic ratios, do, for two orthogonal polariza-
tions, one being the direction of film stretching.5 The
measurements were performed using the novel, highly ac-
curate technique recently described by us, involving
the use of both polarized and nonpolarized light (the PNP
method).1,6

We have previously shown5 that in an assembly of mol-
ecules possessing axial symmetry, the dichroic ratio, do,
may be expressed as a function of only two parameters a
and /, where a is the angle between the transition moment
vector and the orientational axis7 of the molecules, and /
is related to the orientation of such an assembly. The lat-
ter parameter is conveniently expressed as a fraction of
oriented molecules; therefore the fraction of randomly dis-
tributed molecules isequal to 1 - /.

The relation between the dichroic ratio, do, and the two
parameters a and / is given ineq 15

= fc°s2a + /(I ~ %)
0 wfsin2a + /41 - 1)

Furthermore we have shown5 that an assembly of elon-
gated molecules incorporated in a stretched polyethylene
film has a preferential orientation; their longitudinal axes
of inertia7 are in the direction of stretching. Since the hel-
icenes do not possess a longitudinal axis of inertia, they
will orient themselves in the stretched films preferentially
with their planes parallel to the stretching direction. The
dichroic ratio of such assembly will also be represented by
eq 1 where ¢ will now describe the fraction of the mole-
cules having their planes in the stretching direction. The
preferred orientations of disk and of elongated molecules,
and the random distribution of spherical molecules are
shown schematically in Figure 1.
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It follows that transitions polarized perpendicularly to
the plane of the disk-like molecules will absorb preferen-
tially light polarized perpendicularly to the direction of
stretching (Figure 1). Were the molecules all oriented, the
dichroic ratio would have the limiting value of zero. How-
ever, were only a fraction / of the molecules oriented, the
dichroic ratio, do, would be a function cf / only. Its value
may be obtained from eq 1 by substituting « by 90°, and
isgiven ineq 2

= fc0s290° + Al - ) =
O yof SiN290° + ALl - 1)
Zn - n = 24 - f)
za + fad - 1) F+ 2

As / varies between 0 and 1, it follows from eq 2 that O
<d0< 1

To find the dichroic ratio for a transition polarized in the
plane of the disk-like molecules, we use the following
reasoning.

The absorption of light polarized ir. the direction of
stretching (z axis) by a single oriented molecule would be
represented by eq 3 while that of light polarized in the
orthogonal direction (y axis) by eq 4

tiz = \E\2\M\- COS2 <z 3

GV = |UARIV|2 Sin2 ¢ cOS2 \ni 4

where m is the transition moment vector in the plane of
the molecule, ez and ey the electric vectors of the inci-
dent light and the angles @i and ip, are defined according
to Figure 2

In an assembly of molecules oriented with their plane
parallel to the stretching direction, the “ransition moment
vector M will be randomly distributed within this plane.

It follows that the corresponding absorptions of an as-
sembly consisting of N such molecules (Figure 1) will be
given by

c, = Jljeit = - N\M\—\Ez\ZJ-l(_)'ZJ% C0S2 qu do dip =
| NMamaE: R (5)

6y =
2 N|M|2|£\%(f) Jg SiN2 45, COS2ip, dtp dip =

- ACIMZIER (6)
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Figure 1. Schematical representation of the preferred orientation
of elongated and disk molecules, and of random distribution of
the spherical molecules.

A

Figure 2.

Since \ezv = \ey\, the dichroic ratio for the “in-
plane” transitions of such an assembly of oriented disk-
like molecules will have the value of

do = tjty = 2

When only a fraction ¢ of these molecules is oriented,
the absorption coefficients for the two orthogonal polar-
izations are given by the following equation

=NfNmYEN2 + [(1 - HNIM\2ER )

ty = 1 eNAMANER + | (1 - HNIMA2ER2 ®

and the dichroic ratio do by

C zf+ wa- 1) 2f + 4
4. ©
e, zZf + z(1l - f) f

Comparison of eq 1 and 9 reveals that eq 1 can be used
for in-plane transitions of disk molecules if an effective
value of 45° is used for a. Thus, these transitions may be
regarded as being located at an angle of 45° with the
stretching direction. This value comes from averaging over
the random orientations in the plane, so it is not a fixed
angle but rather an effective value.8

When the transition moment vector is located out of the
plane of the disk molecule, forming an angle p with the
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Figure 3.

plane of molecule, its in-plane component will also make
an averaged effective angle of 45° with the direction of
stretching, as shown in Figure 3. It is apparent from this
figure that the “out-of-plane” angle p is related to the
angle a between the transition moment and the direction
of stretching, by9

C0S2 (3 = C0S2a/C0S245° = 2 c0S2a (10

Thus the determination of dichroic ratios of disk-like
molecules easily distinguishes between in- and out-of-
plane (not necessarily perpendicular) transitions; all in-
plane transitions will show constant dichroic ratios, their
numerical value depending only on the degree of orienta-
tion of the molecules (2 < dO < 1). The dichroic ratios of
out-of-plane transitions will be invariably smaller than
the in-plane transitions, and thus are easily recognized.

In this treatment we have dealt with disk-like molecules
having a unique direction of their transition moment. In a
perfect disk a transition moment does not have a unique
direction in the plane, but has an equal magnitude in any
direction.

For degenerate in-plane transitions eq 3 and 4 describ-
ing the absorption by a single molecule of light polarized
in two orthogonal directions must be replaced by eq 3'
and 4', respectively.

a, = \E\X\M\2 0"
t.v= |EW|M|2 cos2 bi (40

Thus for an assembly consisting of N molecules oriented
with their plane parallel to the stretching direction, the
corresponding absorptions for each orthogonal polarization
will be given by eq 5' and 6'

e, = £«/* = AT|M W (50
1

ty = = — N\M\2\Ey\2 cos- bi dip =

iVIIMTli (6)

The dichroic ratio for in-plane degenerate transitions in
oriented disk-like molecules will be

d0 = e.Je, = 2

as in the case of single transition in such molecules.

The corresponding absorptions for the degenerate tran-
sition in partially oriented molecules will be now modified
and given by

t, = fNAMA2ER + | (1 - /)IVIM]2E)2 (70

The Journal ol Physical Chemistry. Voi. 78. No. 14. 1974
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Figure 4. Uv spectrum of coronene in polyethylene.

Figure 5. LD spectrum of coronene: lower part. (------- ) the
curve of optical densities obtained by light polarized in the di-
rection of stretching; (-—----) the curve obtained by light polarized
perpendicular to the direction of stretching; upper part, the plot
of the dichroic ratios do vs. X.

and

W=\ fN\M\2AEN2 + | (1~ f)N\M\2\E\- (80

However, the resulting equation tor the dichroic ratio
will be the same as in the case of disk-like molecules pos-
sessing an unigue transition (eq 9).

Coronene

We have chosen coronene as a representative perfect
disk molecule. This molecule belongs to point group psh
and therefore transitions both in-plane and perpendicular
to the molecular plane are allowed.

The uv and LD spectra of coronene (Figures 4 and 5)
show that the dichroic ratio over the entire spectrum of
coronene has a constant value which is greater than unity
(do = 153). Thus all the measured transitions in this
molecule are polarized in plane only.

Substitution of the value of the dichroic ratio (d0 =
1.53) into eq 9 results in f = 0.60. Thus according to our
hypothetical distribution model, 60% of the coronene mol-
ecules are oriented with their planes parallel to the direc-
tion of the film stretching.

Pentahelicene

The uv and LD spectra of pentahelicene are shown in
Figures 6 and 7. It is evident from this figure that its di-
chroic ratio, unlike that of coronene, is not constant; it
varies along the spectrum. We can however distinguish
four regions in the uv spectrum exhibiting a constant di-
chroic ratio. These are | at 345-290 nm with do = 1.33, Il
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Figure 6. Uv spectrum of pentahelicene in polyethylene.

Figure 7. LD spectrum of pentahelicene: lower part. (------- ) the
curve of optical densities obtained by light polarized in the di-
rection of stretching; (---—--) the curve obtained by light polarized
perpendicular to the direction of stretching; upper part, the plot
of the dichroic ratios do vs. X.

Figure 8. Schematical representation of an helicene molecule:
C2. the twofold symmetry axis (A type symmetry); N. plane per-
pendicular to the symmetry axis (B type symmetry); M. the best
plane of the molecule.

at 270-250 nm with do = 1.48, Ill at 230-225 nm with do
= 1.26, and IV at <210 nm with do = 1.48. We assume
that there is no overlap of transitions of different polariza-
tion in each of these regions.

The following analysis is based on the assumption that
pentahelicene may be treated as a disk-like molecule ori-
ented with its best plane (m in Figure 8) parallel to the
stretching direction.

Accordingly, the regions with highest dichroic ratio,
namely Il and 1V, are composed of ir.-plane transitions,
and those with smaller dichroic ratios, regions | and Ill, of
out-of-plane transitions.10

Using the value of do = 1.48 for the in-plane transition
and eq 9, we have calculated / to be equal to 0.55. This
value is further used to estimate the angles a and 3 (eq 1
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FigUI’E 9. Resolved spectrum of pentahelicene: ( -------- ) the in-
plane component: (------- ) the out-of-plane component.

TABLE I: Out-of-Plane Angle (Direction of
Polarization), Sign of the Rotational Strengths
= .- and Symmetry Assignments of the Uv
Transitions in Pentahelicene

This work
Literature6
Out-of-
Spectral plane angle Sym- Sym-
region (nm) Amax. nm (/3), deg metryc Sign of metryc
392 + A
| (345-290) 328 19 B - B
306 19 B - B
11 ( 270-250) 268 0 A + A
111(230-225) 230 2 B -
IV (<210) 209 0 A +
a\s reported in the literature. '!Reference 2a. ¢ Point group d=0r the

' —) isomer (left-handed M configuration).

and 10). We have thus obtained for the region | a = 48° d
= 19° and for the region 1l « = 49°, d = 22°,

In order to resolve the entire spectrum of pentahelicene
into its in-plane and out-of-plane components we have
taken into consideration that the parts of the spectrum
which do not show constant do value are composed of two
overlapping transitions. Equation 1 was extended to in-
clude extinction coefficients (ei and t2) and the angles («i
and «2) of each of the two overlapping transitions. It will
now have the following form

d» =
\[f cos- o + /il — /)] + tjf cos- a2+ fil — /9]
sin- < + '/id - /)] + t-vwif sin2a2+ /(1 - /)]
(11)

Since at any wavelength the total absorption coefficient
will be given by

e= tj + f2 (12)

both (: and G may be calculated using eq 11 and 12.

Using these two equations we have resolved the entire
spectrum of pentahelicene, as shown in Figure 9.

In Table | we have listed the transitions of pentaheli-
cene according to the wavelength of maximum absorption.
Thus region | contains two out-of-plane transitions while
region 11l one out-of-plane transition.

Pentahelicene belongs to point group C2 and its absorp-
tion spectrum consists therefore of transitions which are
allowed either along the twofold symmetry axis (A type
symmetry) or in a plane perpendicular to this axis (B type
symmetry. Figure 8). Obviously the above-defined out-of-
plane transitions are of symmetry B, while the in-plane
transitions may he of either symmetry. Our LD measure-
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Figure 10. uv spectrum of hexahelicene in polyethylene.

FigUI’E 11. LD specrum of hexahelicene: lower part. ( ——————— ) the
curve of optical densities obtained by light polarized in the di-
rection of stretching; (- ) the curve obtained by light polarized
perpendicular to the direction of stretching: upper part, the plot
of the dichroic ratios 00 VS. A.

ments are unable to distinguish between the latter two
possibilities.

However, additional information about the symmetries
of the in-plane transitions may be obtained by correlation
of the LD and CD spectra of pentahelicene. The sign of
the CD peaksZ3 in (-)pentahelicene (left-handed M con-
figuration) corresponding to the individual absorptions are
given in Table I. It appears that all out-of-plane and in-
plane transitions show negative and positive rotational
strengths, respectively. Considering Wagniere's" sugges-
tion that the transitions of symmetry B in the left-handed
M configuration show negative CD peaks and those of
symmetry A, positive CD peaks, we may deduce that the
in-plane transitions are all of A symmetry.

Table | compares our results with the relative polariza-
tion directions previously obtained from emission experi-
ments.23 The direction of polarization of three transitions
are in accord with the previous estimates. However, we
have not analyzed the longest wavelength transition which
according to calculations should have A symmetry. On the
other hand, the two shortest wavelength transitions have
not previously been dealt with.

Hexahelicene

Another example of a disk-like molecule is hexaheli-
cene. Its uv and LD spectra are shown in Figures 10 and
11. There is a distinct similarity between the uv spectrum
of this compound and that of pentahelicene. However, as
seen from the plot of its dichroic ratio, a0 vs. wavelength,
the transitions in hexahelicene are much more overlapped
than those of pentahelicene.

We have also divided the spectrum of hexahelicene into
four regions, corresponding to those of pentahelicene.
These are | at 370-290 nm, Il at 280-240 nm. Il at 240
220 nm. and IV at <210 nm. However, unlike the case of
pentahelicene. only region Il and the longer wavelength

The ,ournal of Physical Chemistry. Voi. 78. No. 14. 1974
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TABLE II: Out-of-Plane Angle (Direction of Polarization), Sign of the Rotational Strengths P,,aand
Symmetry Assignments of the Uv Transitions in Hexahelicene
Literature
This work
symmetry
Spectral Out-of-plane
region (nm) Xinax, nm angle (/3), deg Symmetry” Sign of RC Weigang** Wagnierec Mason”
411 - B B B
1 (370-290) 347 30 B + \A A A
325 30 B + J \B B
315 0 A (+) B J B
11 (280-240) 255 0 A — A A A
111 ( 240-220) 230 30) B +
1V (<210) 205 0 A —

As reported in the literature. b’oint group CI cFor the (+) isomer (right-handed P configurationL ref 2b, 3a, and 3b. d?eference 3a. e?eference 3c.

f Reference 2b.

Figure 12.
plane component; (-——-- ) the “out-of-plane” component.

part of region | show a constant dichroic ratio. The di-
chroic ratio of region Il has the highest value in the spec-
trum, thus representing an in-plane transition. It may also
be assumed that the longer wavelength part of region I is
polarized out-of-plane, since its dichroic ratio has a small-
er value.

Using the value of the dichroic ratio of the in-plane
transition do = 1.35 and eq 9, we have calculated / = 0.42.
The out of plane angle d for the longer wavelength part of
region | was calculated from eq 10, giving a value of 30° («
=55°).

Unlike the corresponding part of the spectrum of pen-
tahelicene the shorter wavelength part of region I of hex-
ahelicene does not show a constant dichroic ratio and thus
does not represent a pure transition. We assume this part
of the spectrum to be caused by overlap of the above out-
of-plane transition with a new in-plane transition.

Thus region | of the hexahelicene Spectrum is composed
of three transitions, the two of longest wavelength being
out-of-plane and the third in-plane (Figure 12). Further
support for this assignment may be obtained by compari-
son with the CD spectrum, reported by Weigang.3 Calcu-
lation of the anisotropy factor Ac/< dividing the A< of the
CD with the corresponding <values of the resolved curve
of the out-of-plane transitions results in a constant factor
throughout region 1 of the spectrum. This constant value
indicates also that only the out-of-plane transition in this
region is optically active.

We have also resolved the shorter wavelength part of
the spectrum (regions Il and V) assuming that the out-
of-plane transitions have the same direction of polariza-
tion as in the region | (¢ = 30°). The resulting spectrum
shows (Figure 12) that region Il contains two transitions
of different polarization, while region IV is purely in-plane
polarized. Our assumption, however, that the out-of-plane
angle d is 30° is apt to be erroneous. However, any other
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assumption about this angle will always lead to an out-
of-plane polarization and the existence of an in-plane
component is questionable.

Since hexahelicene belongs to the Cz point group, its
transitions as in pentahelicene are either of A or B type
symmetry. It follows that here also the out-of-plane tran-
sitions are of B symmetry. In order to distinguish between
the A and B symmetries of the in-plane transitions of hex-
ahelicene. we correlate them with the published CD value
of (+ (hexahelicene (right-handed P configuration). 20383

It may be seen from Table Il that all the B symmetry
transitions show negative rotational peaks, which are in
accord with Wagniere'sll postulate. On the other hand,
the in-plane transitions show positive rotational peaks ex-
cept for a transition at 315 nm which is optically inactive)
and thus might be of symmetry A.

No complete agreement exists between our results and
those previously reported (Table Il) on the direction of
polarization and the corresponding symmetries of transi-
tions.

According to Mason2a there are three transitions in re-
gion | of the hexahelicene spectrum, one of A and two of B
symmetry, but whose sequence was different than the one
found by us. WagniereX and Weigang33 divide this region
into two separate transitions only, the ore at longer wave-
length being of A symmetry. However, there is disagree-
ment on the wavelength of maximum absorption between
the two assignments.

In conclusion it may be noted that the comparison of
the values of the traction of orientation of coronene and
penta- and hexahelicene (0.60, 0.55, anc 0.42, respective-
ly) indicates a gradual change of their snape arising from
distortion from planarity. The values of the out-of-plane
angles in the corresponding transitions of penta- and hex-
ahelicene (e.g., d = 19 and 30° respectively) also point in
the same direction.
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The normal-incidence spectral reflectances of aqueous solutions of HC1, NaOH, and KOH have been
measured in the spectral range 350-5000 cm™"1. From the measured values of reflectance we have used a
Kramers-Kronig phase-shift analysis to obtain values of the real n and imaginary k parts of the refrac-
tive indices of the solutions. The spectral reflectance and the refractive index n of the solutions in the
5000-4000-cm™ 1 region and in other spectral regions that are remote from characteristic water bands in-
crease monotonicallv with concentration. Plots of absorption index k for HCL as a function of concentra-
tion indicate (1) a gradual decrease in the peak height and frequency of the 3400-cm”1 water band, (2)
strong general absorption in the 3200-2000-cm-1 region, (3) an apparent shift of the c2 water band
toward high frequencies, (4) the appearance of a new band near 11CO ¢ m 1, and (5) shifts of the libration
water band to lower frequencies. Plots of k for NaOH as a function of concentration reveal (1) a reduc-
tion of the k peak for water near 3400 cm"1, (2) the appearance of strong additional absorption near 2800
cm-1 along with strong general absorption in the 3000-1700-cm™1 region, and (3) shifts in the position of

the librational water band. The observed effects are discussed qualitatively.

Introduction

In an earlier paper2we have given the results of a study
of near-normal-incidence spectral reflectance of agqueous
solutions of alkali halides in the 350-5000-cm~1 region of
the infrared. By applying the Kramers-Kronig (KK) theo-
rem for phase-shift analysis, we obtained values of the
real n and imaginary k parts of the complex refractive
index N = n + ik for the spectral region covered in our
measurements of reflectance.

In the present paper we report a similar study of solu-
tions of the strong acid HCL and two strong bases, NaOH
and KOH. None of the alkali or halide ions involved in
our earlier studies had characteristic bands in the in-
frared. In the present study, the OH” ion was expected to
exhibit a characteristic vibrational band; the hydrogen
ions are presumably strongly attached to one or more
water molecules in such a way that new characteristic
bands could result.

Experimental Section

The experimental arrangements employed in the reflec-
tance measurements were similar in all details to those
described in our previous paper; similar methods of carry-

ing out the KK analysis were also employed. The uncer-
tainties &n in n amount to +1% of the plotted values over
most of the range but increase to as much as £3% in the
500-350-cm"1 region. The uncertainty sk is approximately
+0.03 over most of the range but may increase to +0.05 at
350cm™1.

Results

Our results are presented graphically in Figures 1-6.
The upper panel in each figure gives measured spectral
reflectance r at near-normal incidence; the center panel
gives the values of "he refractive index n as given by the
KK analysis; the bottom panel gives the values of the ab-
sorption index k. Ir. each panel, for purposes of compari-
son, we indicate the corresponding values for water by a
light continuous curve.

A. Hydrochloric Acid. The spectrum in the 5000-2500-
cm™1 region is dominated by a strong absorption band,
which appears in the vicinity of 3400 cm"1 in the spec-
trum of water at 27°. Figure 1 gives our results for HCl a’
the concentrations indicated in the legend. The values of
R and n for the solutions in the 5000-3800-cm” 1 range are
greater than the values of water; the difference between

TreJourdl o Physical Cherristy, \d. 78 No. 4 1974
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Figure 1. Reflectivity, refractive index, and absorption index
curves for HCI solutions: 12 A4, heavy continuous: 8 A4, dashed;
4 M. dash-dot-dash: 2 M. dotted: water, light continuous.

the curves for the solutions and the curve for water in-
creases monotonically with increasing concentration. In
the vicinity of the resonance feature near 3400 cm 1 the r
and n curves cross and the resonance feature becomes less
sharp with increasing concentration. In view of our uncer-
tainty dk = 0.03. the values of the absorption index are
not measurably different from zero in the 5000-3800-cm- 1
range. The absorption peak at 3400 cm”1 in pure water
shifts to noticeably lower frequencies with increasing con-
centration of HCL: the peak value of k becomes progres-
sively lower with increasing concentration. Although the «
peak appears to increase in width at half-height, this ef-
fect may be due to the greatly increased absorption in the
low-frequency wing of the band. General absorption oc-
curs in the region between 3200 and 2500 cnrl and in-
creases with increasing concentration: there is no evidence
of a separate peak in k associated with the general absorp-
tion.

The spectra of HCL solutions in the 2500-350-cm-1 re-
gion are shown in Figure 2. The spectral reflectance of all
solutions is higher than that of water for all regions except
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Figure 2. Reflectivity, refractive index, and absorption index
curves for HCI solutions: 12 A4 heavy continuous; 8 A4 dashed;
4 M. dash-dot; 2 A dotted; water, light continuous.

the 700-500-cm_1 range, where all the measured reflec-
tance curves nearly coincide; the same is true for the n
curves. In both r and n curves, the resonance features in
the vicinity of the 1640-cm_1 water band apparently be-
come broader and shift to higher frequency. An additional
resonance feature not present in the spectrum of pure
water produces a broad n maximum near 1000 cm”1 in
the 8and 12 m solutions.

The absorption characteristics of the solutions are
shown by the plots of k in the bottom panel. All solutions
exhibit stronger absorption than water in the 2500-1800-
cm_1 region; the absorption in this region is general and
is not characterized by clearly discernible peaks. The k
peak appearing at 1640 cm-1 in the spectrum of pure
water appears to increase in height, to broaden, and to
shift to higher frequencies with increasing concentration.
At the highest HCI concentrations a new broad band hav-
ing no counterpart in the water spectrum appears in the
vicinity of 1100 cm T The librational band with maxi-
mum k near 600 cm~1 in the water spectrum shifts to pro-
gressively lower frequencies with increasing HCI concen-
tration.

B. Sodium and Potassium Hydroxide. The results ob-
tained for NaOH and KOH in the 5000-2500-cm 1 region
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Figure 3. Reflectivity, refractive index, and absorption index
curves for NaOH solutions: 16 heavy continuous: 8
dashed; 4 M, dash-dot-dash; 2 M. dotted; water, light continu-
ous.

are shown in Figures 3 and 4, respectively. In spectral re-
gions remote from absorption bands, the values of r and r
are slightly larger for KOH than for NaOH; in other re-
spects the contours of the r and n curves for the solutions
are similar for corresponding concentrations. In the vicini-
ty of the 3400-cm"1 water band, the dispersion features in
the r and n curves for the 2 and 4 m solutions become
progressively less pronounced with increasing concentra-
tion. The curves for the 8 m solutions for both hydroxides
show clearly an additional small dispersion feature near
3000 cm-1; further evidence of this feature appears in the
rt and R curves for the 16 m solution of KOH but is less
apparent in the corresponding curves for NaOH.

The plots of the absorption index k in the bottom pan-
els of Figures 3 and 4 indicate a progressive reduction of
peak height of the 3400-cm 1 water band along with a
progressive broadening of the band toward lower frequen-
cies with increasing concentration. For the 8 m solutions,
there is some evidence of a second incompletely resolved
band near 2800 cm-1. In the 16 M solution of KOH. there
is clear evidence of a peak near 2800 cm"1, where the
value of k is greater than that of k at 3400 cm"1. In the
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Figure 4. Reflectivity, refractive index, and absorption index

curves for KOH solutions: 16 M. heavy continuous: 8 M dashed;
4 M. dash-dot-dash; 2 V). dotted: water, light continuous.

curve for 16 m NaOH, a single broad region of absorption
replaces the two peaks appearing at 3400 and 2800 cm™"1
in the spectrum of the 8m solution.

The results obtained in the 2500-350-cm 1 region for
NaOH and KOH are shown in Figures 5 and 6. respective-
ly. In most of this spectral region, values of R and n be-
come progressively greater with increasing concentration;
however, in the 600-400-em"1 region, the r and r curves
for the 16 m solutions cross the corresponding curves for
lower concentrations and attain lower values at 400 ¢ m 1.
In the vicinity of the 1640-cm"1 water band all R and n
curves for the hydroxide solutions exhibit dispersion fea-
tures. However, for the 8 and 16 m solutions there is some
evidence of a narrower additional dispersion feature near
1500 cm™1; this nar-ow feature is clearly separated from
the 1640-cm"1 water band in the NaOH solutions but is
barely resolved in the KOH solutions. Except for the 16 m
solutions, the major dispersion feature near 600 cm"1
shifts to progressively lower frequencies with increasing
concentration: for the 16 m solution the maxima in r and
it appear at considerably higher frequencies than for the
less concentrated solutions.
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Figure 5. Reflectivity, refractive index, and absorption index
curves for NaOH: 16 A4 heavy continuous; 8 A4 dashed; 4 M.
dash-dot-dash; 2 Ad dotted: water, light continuous.

The absorption indices k for the hydroxides are plotted
in the bottom panels of Figures 5 and 6. In the entire
spectral region between 3400 and 1640 cm-1 the values of
k for all solutions are much greater than the correspond-
ing k values for water; for the more concentrated hydrox-
ide solutions the absorption indices k at all frequencies in
the interband region maintain values that are nearly half
the value of k at the center of the 1640-cm’ 1 band in pure
water. The value of k at 1640 cm 1 remains constant in
all solutions within our limits of uncertainty sk = 0.03;
there is some evidence of a splitting of the band at higher
concentrations. The values of k for the 2 and 4 m solu-
tions in the vicinity of the 600-cm“1 water band are also
within the limits of uncertainty equal to the k value for
pure water. There is a small progressive shift of the 600-
cm’ 1 band to lower frequencies in the 2, 4, and 8m KOH
solutions but little change in band position for the corre-
sponding NaOH solutions; this band becomes narrower,
has a smaller maximum value of k, and shifts noticeably
to higher frequencies in the 16 m solutions.
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Figure 6. Reflectivity, refractive index, and absorption index
curves for KOH: 16 A4 heavy continuous; 8 A4 dashed; 4 A4
dash-dot-dash: 2 A4, dotted: water, light continuous.

Discussion of Results

The major portion of the new information regarding so-
lutions obtainable from the present reflectance studies is
connected with the quantitative measurements of the re-
fractive indices n and the absorption indices k. Many ear-
lier measurements of transmission spectra of acids and
bases have provided only qualitative values of Lambert
absorption coefficients ot(v), since the published curves
were labeled “absorption” or “transmission” with no
numbers on the ordinate scales; in view of the difficulties3
involved in preparing uniform absorption layers of well-
measured thickness, these earlier transmission studies
could not have been expected to yield quantitative results.
However, many of the features shown in the k(v) us. v
plots of Figures 1-6 have been noted in earlier studies. No
earlier studies have provided values of the refractive index
n{v) for comparison with the present work.

A. Hydrochloric Acid. In a beautiful piece of work Falk
and Giguere4 have investigated the transmission spectra
of aqueous solutions of five mineral acids with the purpose
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of identifying spectral features characteristic of the H30 +
ion; these authors also reviewed earlier work on the
subject. Falk and Giguere observed increased absorption
associated with broad bands with maxima at 1205. 1750,
and 2900 cm \ which they attributed to the HsO " ion,
and report that the lifetime of this ion in aqueous solution
is longer than 10 13 sec. These band positions are in close
agreement with the positions of H30 f bands reported in
earlier infrared studies of crystalline hydrates of strong
acidss 7 and in related Raman studies.s o

In view of these results and other structural informa-
tion, the observed spectrum has been interpreteds in
terms of a pyramidal form of HsO~, which is isoelectronic
with NHS3; the incompletely resolved  and vs fundamen-
tals are associated with the broad band near 2900 ¢ m 1,
the ;4 fundamental with the band near 1205 ¢ m 1, and
the t2 fundamental with the band near 1750 cm ‘. How-
ever, Pavia and Giguereio have shown that the spectrum
of perchloric acid dihydrate gives evidence of the ion
HsO2 1. Gilbert and Sheppardii have recently obtained
infrared spectra of crystalline mono- and higher hydrates
of HC1 and HBr; the higher hydrates exhibit features not
clearly attributable to HsO +; in particular, in the di- and
trihydrates there is evidence for the Hs02+ ion. In the
spectrum of the Hso 2 + ion, the existence of which is sup-
ported by X-ray diffraction measurements,12-13 bands cor-
responding to »2 and 4 in Hs0 + in the monohydrate spec-
trum are split into sharp components in the dihydrate and
broaden in the trihydrate; the iq and is bands in H30 +
coalesce into a single somewhat narrower band in the di-
and trihydrate spectra.

The broad regions of absorption shown in our plots of k
for HCL shown in Figures 1 and 2 doubtless include contri-
butions from both HsO+ and HsO02f ions. However, at-
tempts to divide the integrals fk(v) d<or J«(«) dr be-
tween the two forms of hydrated H+ ions would at present
represent mere speculation; however, evaluation of these
integrals in restricted spectral intervals for various HCl
concentrations might be used in testing various possible
future theories.

We have also compared the reflection spectra of HC1
with HBr. Although HBr solutions have higher reflectivity
as a result of stronger Br_ bands in the ultraviolet,2 the
general shape of the two reflectance curves exhibit
marked similarity. Similarities in the spectra of HCl and
HBr crystal hydrates were also noted by Gilbert and
Sheppard.11

The observed shift of the libration band of the solutions
in the 600-cm 1 region to lower frequencies with increas-
ing HCL concentration confirms the results obtained in the
earlier transmission study of Draegert and Williams.14

R. Sodium and Potassium Hydroxide. Although there
has been little discussion of the nature of the hydration of
the OH ion. the general absorption of the hydroxides in
the region between the 3400- and 1640-cm'l water bands
is nearly as intense as the corresponding HCL absorption,
which we have attributed to the HsO* and HsO2+ ions.
The absorption spectrum of crystalline NaOH is charac-
terized by a sharp band at 3637 cm 1 attributed to the
OH" ion;1s a similar band at 3600 cm 1 occurs in the
spectrum of KOH.1618 Jonesis has reported an extremely
sharp OH band at 3678 ¢ m 1 in crystalline LiOH; in the
hydrated crystal LLiOH-H20 Jones found a somewhat
broadened OH' band at 3574 ¢cm 1 and an extremely
broad, intense band with a maximum at 2850 ¢ m 1,
which he attributed to the overlapping w and rs bands of
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the strongly hydrogen-bonded water molecule of crystalli-
zation. The frequency of the band due to the water of
crystallization is even lower than that of the H20 mole-
cule in ice. In a Raman study of KOH solutions Busing
and Hornigzo report a band with a sharp peak near 3600
cm 1 with an accompanying broad band extending to
frequencies as low as 2200 cm'l; these authors attribute
the sharp peak to OH"' and the broad band to three over-
lapping unresolved bands associated with molecules of the
solvent.

Although there is no evidence of a resolved sharp OH
band in the bottom panels of Figures 3 and 4, the absorp-
tion index curves rise abruptly near 3700 cm'l; this
abrupt rise may correspond to the sharp band noted by
Busing and Hornig in their Raman study. However, if a
sharp OH' band is present in the infrared, its intensity is
small as compared with the broader bands at lower
frequencies. It would appear from Figures 3 and 4 that
there are two such bands with frequencies in the vicinity
of 3400 and 2800 cm _1, respectively; it is tempting to at-
tribute the former to the normally hydrogen-bonded mole-
cules of liquid water and the latter to water molecules
strongly hydrogen-bonded to OH" ions. If this interpreta-
tion involving two types of differently hydrogen-bonded
molecules is correct, it might also account for the appar-
ent splitting of the nand at 1640 ¢ m 1 associated with the
b2 bending fundamental of the H20 molecule in liquid
water; this splitting is particularly pronounced in the 16
m solution curves in Figures5and 6.

We note that in The k(r) us. > curves for the 16 m hy-
droxide solutions there is an apparent shift of the libra-
tional maximum to higher frequencies and a marked nar-
rowing of the band. The curves for the other less concen-
trated solutions are in general agreement with the earlier
work of Draegert and Williams.14 whose study was limited
to hydroxide solutions with concentrations of 12 m and
less and was hampered by the lack of suitable absorption
cell windows.

We note that the influence of Na~ and K< ions on the
water structure is nearly negligible as compared with the
influence of the OH ions, which are capable of forming
hydrogen bonds with water molecules. In the case of
acids, the influence of Cl- and Br ions on the water
structure is similarly small as compared with the hydro-
gen ions that are responsible for the hydrates H30Of and
HsO2 G or possibly even higher hydrates.

The structure of the crystal monohydrate LiOH-Hzo
has been determinec by Pepinsky2: on the basis of X-ray
diffraction measurements: his results indicate that the
distance between the oxygen of the H20 unit and the oxy-
gen of the nearest OH unit is 2.6s Aas compared with
the 2.76 A 0-0 distance in ice. This short distance
implies strong hydrogen bonds H20- «-OH' ; thus, it seems
probable that the b-oad band with maximum near 2850
cm-1 in the spectrum of the monohydrate crystal is in-
deed due to strongly hydrogen-bonded H20 molecules.
The increasingly strong absorption noted in this region in
the present study would seem to indicate increasingly
great numbers of strong H20- --OH hydrogen bonds as
the concentration increases. In the case of the 16 M con-
centration. there are no longer sufficient numbers of water
molecules to approximate a normal water structure; this
paucity of solvent molecules results in the marked de-
crease in k(i>) in the 3400-cm'l region and also near 600
cm h where stronger bonds to OH' units could also ac-
count for the apparent increase in the frequency of the li-
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bration band of water. If this interpretation is correct, the
lack of significant decrease of k(v) near 1640 cm 1 togeth-
er with the apparent splitting of the v peak would indi-
cate greater transition probabilities for the more strongly
bonded H20 units than for the H20 units in liquid water;
this would be in contrast to the situation in ice, for which
peak k(v) values in this region are somewhat smaller22
than for liquid water.

As for the mean lifetimes of the local environment of
hydrogen-bonded H20- «-OH- units, the reasonably well-
defined bands observed in the present study and in earlier
Raman studies indicate that local lattice structures exist
for times long compared with 10'13 sec. However, the fact
that single proton resonances23 are observed in nmr stud-
ies of concentrated solutions of strong bases indicates that
the mean lifetimes of local lattice structures are short
compared with 10'7 sec.

In closing, we note that many of our interpretations of
the observed spectra in the 2500-300-cm~1 region can be
tested by extending studies of crystalline LiOH-HaO into
the far infrared and that more detailed information re-
garding band shapes can probably be obtained by ATR
studies of solutions.

We also note that Zundel and his associates24-5 have
recently discussed the properties of HsO2+ ions. Their
theoretical work dealing with the hydrogen bonds involved
may provide an interpretation of some of the continuous
general absorption that we have observed in the spectra of
acids and bases in the present study.
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Esr spectra for the piperidine nitroxides 2,2,6,6-tetramethylpiperidine-Ar-oxyl (TEMPO) and 2,2,6,6-
tetramethylpiperidine-1V-oxyl-4-ol (TEMPOL) in benzene have been obtained in which the proton hvper-
fine structure is partially resolved. Comparisons to spectra calculated for coupling constants inferred
from prior nmr investigations confirm the proper hyperfine models for these two species. For TEMPO
the magnetic nonequivalence of the axial and equatorial substituents at each position of the piperidine
ring is averaged. This is not the case for TEMPOL, and INDO calculations indicate that the coupling
constant of larger absolute magnitude at each position is associated with the equatorial substituent.
Using the appropriate models the proton hyperfine envelope line widths are calculated as a function of
the individual line width. The magnitude of the corrections necessary to obtain the true line width from
the envelope width is greater for TEMPO and TEMPOL than for previously studied radicals of this type.

Introduction

Nitroxide radicals with adjacent tetramethyl substitu-
tion have been the chief source of spin labels for many bi-
ological and physical applications.1 In particular, the pi-
peridine nitroxide derivative 2,2,6,6-tetramethylpiperi-
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dine-N-oxyl (TEMPO) and the hydroxyl compound (the
4-ol compound, TEMPOL) have been used extensively
since they are small and compact molecules giving rise to
a minimum of perturbation to the system which they
probe. Although less emphasis is currently placed on the
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OH

TEMPO TEMPOL

measurement of rotational correlation times from the
spectra of such species because of the many complicating
features now known,2 often these times can be obtained
through careful measurement. Furthermore, it is still of
basic importance to understand the origin of the observed
line widths in the relatively simple spectra of such
species. One typically observes simply the three-line ni-
trogen hyperfine esr spectra, but it has been well estab-
lished now that a major contributor to the overall width of
such lines is the usually unresolved proton hyperfine
structure. Poggi and Johnson2 have pointed out that hy-
perfine structure significantly affects line widths and rota-
tional activation energies and that in order to accurately
determine these quantities the widths of the individual
components for each major line in the nitroxide spectra
must be determined by simulation of the spectra via com-
puters. Jolicoeur and Friedman3 in the introduction to
their paper concerning the effects of hydrophaobic interac-
tions on dynamics in aqueous solutions give a good exam-
ple of the effect of unresolved hyperfine structure on what
one would otherwise take to be the intrinsic nitrogen hy-
perfine line width. Since the measurement of the line
width is the chief ingredient in the equations which deter-
mine the rotational correlation time, it is clear that an
accurate determination of this parameter must be had.

Obviously, in order to provide for corrections such as
unresolved hyperfine structure one needs to know the cor-
rect model for the hyperfine coupling in the nitroxide
species involved. Recent work in this laboratory has been
concerned with the hydroxy derivative of the piperidine
nitroxide (TEMPOL) in both model membrane systems4
and in ion-exchange resins.5 Hints of extra-nitrogen hy-
perfine structure in certain ion-exchange resins have lead
us to be concerned with the underlying nature of the
structure involved. Briere, et al..6 have studied
a variety of simple nitroxide species by observing the con-
tact shift of the protons in concentrated radical solutions.
Previously, Kreilick7 carried out similar measurements as
well and reported some partially resolved esr spectra for
the piperidine-based nitroxides. These two studies give
the same coupling constants for the radical TEMPO but
result in somewhat different conclusions for the TEMPOL
species. Briere, et al., were able to differentiate between
not only the axial and equatorial methyl groups in the pi-
peridine system but also, in a number of cases, the differ-
ent /5-methylene protons as well while Kreilick’s investi-
gation indicated that axial and equatorial substituents at
these positions were not different in their coupling con-
stants.

We have obtained resolved esr spectra of both TEMPO
and TEMPOL in degassed benzene and by match of the
experimentally observed and computer-simulated spectra
have confirmed the coupling constants for TEMPO and
have established that the coupling constants of Briere, et
al., are a suitable model for the proton hyperfine interac-
tion in this radical. In addition, by calculating spectra for
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component line widths where no resolution is seen one is
also able to illustrate for TEMPO and TEMPOL the cor-
rection that must be made to the apparent line width in
order to calculate the true line width that should be used
in the calculation of correlation times.

Experimental Section

TEMPO and TEMPOL were prepared according to the
procedure of Briere, Lemaire, and Rassat8 and solutions
approximately 1 x 10'4and 5 x 10'4m, respectively, in
benzene were degassed on a vacuum line by the freeze-
pump-thaw technique. After sufficient degassing the sam-
ples were frozen and the tubes sealed off under reduced
pressure. By refrigeration when not in use such samples
appear to be indefinitely stable. Measurements were made
at room temperature or slightly below on a standard 12-in.
Varian V-4502-15 X-band spectrometer. Since effects of
saturation on the proton hyperfine structure were readily
apparent power levels were kept below 1.00 mWi; the in-
trinsically narrow line widths require minimum modula-
tion applitude (approximately 0.04 G) in order to avoid
modulation broadening.

The proton hyperfine envelope for a single nitrogen
component (i.e., one of the three major nitrogen hyperfine
splittings) was simulated with a double-precision Fortran
program for summing derivatives of lorentzian lines. The
calculations were carried out on the Triangle Universities
Computation Center’s IBM 370/165. A single line width
(A/ipp = 2/x/3T2 the derivative peak-to-peak width) was
employed and the program also determined and listed the
positions of the extrema of the total spectrum. The good-
ness of fit between calculated and observed spectra was
taken to be measured by

R =¢|A,oM - A/dl/ f> ,dd ()]

where the A, represent the amplitudes at selected abscis-
sas on the positive half of the derivative spectrum. Extre-
ma of the spectra were used for resolved spectra while
multiples of the observed envelope width were employed
in cases where the proton hyperfine structure was unre-
solved. Typically four (for unresolved spectra) or six (for
resolved spectra) such points were used (the value of N).
R as defined in eq 1 may be viewed as an average relative
error where a weighting factor proportional to A,dsd is
used.

Results and Discussion

General Results. The coupling constants as reported by
Briere, et al., and by Kreilick are given in Table | along
with other data. These are the coupling constants em-
ployed in the spectral simulation of a single envelope (one
of the nitrogen hyperfine triplets) in which it was assumed
that each component line of the envelope could be repre-
sented by a single line width. Lorentzian line shapes were
assumed and the comparison of a calculated spectrum for
a given line width with the experimentally observed spec-
trum was made by calculating the previously defined
quantity r. Figures 1 and 2 show the m = O envelope for
the best fit to the experimental data for both the Briere
and Kreilick models. Figure 3 illustrates how the quantity
R varies with AHvv in the case of the TEMPOL radical
over the range of significant resolution and qualitative fit.
The curves in Figure 3 clearly indicate the Briere model
to be correct in terms of a significantly lower value of r
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Figure 1. Best-fit derivative curves for TEMPOL according to the
Kreilick (K) and Briere (B) models and the experimental spec-
trum (OBS) for the M = 0 envelope of the 5X10 4 M radical
in degassed benzene at room temperature.

and this judgment is confirmed by an examination of Fig-
ure 1 which illustrates the very good agreement between
the best fit Briere model and the observed spectrum and,
conversely, the poor qualitative fit of the best fit Kreilick
model. These results clearly confirm Briere’s experimental
measurement of two different methyl proton splittings as
well as confirming their assignment of different coupling
constants for axial and equatorial proton species at the o-
and 7 -methylene positions in the piperidine ring. Both
Briere and Kreilick have identical models for TEMPO
and the best fit model spectrum is shown to agree well
with that which is observed as seen in Figure 2. For the m
= 0 components the minimum value of R was 0.060 for
TEMPOL and 0.013 for TEMPO.

Because of the small hyperfine coupling constants in-
volved in these two species the observed spectrum is quite
sensitive to experimental and instrument conditions. As
mentioned before, very low modulation amplitudes are
needed to avoid modulation broadening; in the present
study one can easily detect effects of modulation broaden-
ing with modulation amplitudes greater than 004 G.
Power values lower than 1 mW were normally employed
in order to avoid power saturation broadening and to ob-
tain maximum resolution. In fact, the use of the power
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Figure 3. Variation of the goodness-of-fit parameter Ft as a
function of the line width AH,,,, for the Kreilick (K) and Briere
(B) models. The data plotted are for comparison with the exper-
imental M = 0 envelope and only extend over that region of fit
where qualitative agreement is possible.

saturation technique can be used as a further confirma-
tion of the model assignment here in that one can artifi-
cially and experimentally create a spectrum whose com-
ponent line widths are significantly broader and thus ob-
tain a spectrum which requires analysis in terms of a dif-
ferent line width parameter. This is possible since power
saturation affects the line width but not the line shape of
an individual component. The TEMPOL species was not
sufficiently power saturated at high powers to achieve a
completely unresolved line but it was possible to do so in
the case of TEMPO. An envelope (the m = 0O envelope)
with essentially no structure was obtained and was fit to
the theoretical Briere model using a line width parameter,
A H of approximately 0.34 G and yielding an r value of
approximately 0.007. This adds further confirmation to
the analysis. The very small value of r obtained in the
power saturated spectra is, however, in part due to the
relative insensitivity of the spectra to the line width pa-
rameter in this range of resolution.

Although the variation of coupling constants with tem-
perature may be small.7 the variation is sufficient in the
present cases to significantly affect the degree of resolu-
tion. Although good resolution was obtained for TEMPOL
at room temperature, such was not the case for TEMPO.
Indeed, no structure could be seen at room temperature
whereas significant structure was observed at s °.

The absence of structure in the present cases of unde-
gassed samples (oxygen broadening present) is not unex-
pected in a system such as this where the hyperfine cou-
pling constant differences are very small. In such cases a
very small amount of paramagnetic species will cause ex-
change broadening and remove superhyperfine structure.
However, even for the degassed samples in benzene, con-
centration effects were evident. While a 5 x 10-4 m
TEMPOL solution was adequate for analysis, significant
enhancement of the resolution for TEMPO was obtained
in reducing the concentration by a factor of five to 1 x
10-4 m. A significant point is raised here with regard to
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such exchange broadening. The optimum resolved
TEMPO spectrum gave a best fit for a AH pp of 0.20 G, rR
= 0.013, while the optimum fit to the exchange broadened
5 x 10"4 m solution yields a line width approximately
0.63 G at an r value of 0.021. This latter result should be
compared to the power saturated (and therefore line shape
unaffected spectrum) where a line width of 0.34 G gave
rise to a r factor of approximately 0.007. The significant
increase of the r value for the 5 x 10-4 m TEMPO solu-
tion (triple that of the power saturated unresolved spec-
trum) indicates that the model is considerably less appli-
cable in the exchange broadened case. This is to be ex-
pected since the effects of exchange are not only to distort
the line shapes but also to cause significant shifts of the
lines resulting in effectively different hyperfine couplings.
This is a serious complication in the attempt to properly
analyze line widths of such spectra. A similar problem is
going to arise in the case of exchange broadening by oxy-
gen. In particular, spin label studies of systems of biologi-
cal interest often involve the use of aqueous solutions that
can obviously not be degassed without harmful effects to
the system under study. One fortunate factor here is that,
for the radicals in the present study at least, the effects of
oxygen are less in aqueous solutions than in solutions of
benzene; that is. the simple act of bubbling nitrogen
through the solution results in very little improvement in
the nitroxide envelope width for radicals in aqueous solu-
tion but causes the initially broader lines in benzene to
approach the narrower but still unresolved width in water.

Spectra with resolution are sufficiently easy to analyze
in terms of choice of model because of the great sensitivity
of the simulated spectrum. However, when the lines are
sufficiently broad to remove resolution a single envelope is
observed and the model fit becomes less sensitive. Fur-
thermore, single unresolved envelopes have often been in-
terpreted in terms of single nitrogen hyperfine lines.
When such widths are used to calculate correlation times
errors will be made. Figure 4 shows the variation of the
observed peak to peak line width of an unresolved enve-
lope as a function of the true line widths of the compo-
nent lines making up the envelope. In any correlation
time analysis it is the true AH w that should be employed
and not the line width of the observed width of the enve-
lope. One can see from the figure that significant correc-
tions must be made to the observed width to obtain the
true line width and also that in this region of relatively
low resolution different models and different radicals be-
come less sensitive to the true line width employed. Fig-
ure 5 shows a set of spectra for increasingly larger intrin-
sic line widths. One can see that the detailed resolution
vanishes quickly as the true single line width becomes
comparable to the average hyperfine coupling constant. At
this point the shape of the envelope is very nearly gauss-
ian. Furthermore, as the envelope width increases to the
point of showing no superhyperfine structure, a line is ob-
served which is neither lorentzian nor gaussian. Accord-
ingly, analyses of unresolved lines which assume a specific
line shape will be in error. This is particularly important
when one is comparing line widths of two of the three ni-
trogen envelopes since the broadening effects in each en-
velope will differ from one to another resulting in different
effective line shape parameters. All in all, as shown by
others before, the analysis of line widths and correlation
time is in systems like this is difficult and must be under-
taken with great care.
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Figure 4. The peak-to-peak envelope width W as a function of
the true single line width AHpp for the Briere (B) and Kreilick
(K) models for TEMFO and TEMPOL in the region of no individ-
ual line resolution. Comparison of the calculated curves to the
dashed 45° line illustrates the nonlinear nature of \Nas a func-
tion of AH,,,,.
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Figure 5. Calculated spectra for a single hyperfine envelope
(one m value) of TEMPOL for single line AH,,,, values of 0.15
(@), 0.35 (b). 0.60 (c), and 1.00 G (d). Lorentzian (L) and
gaussian (G) curves are superimposed on the latter two spectra
for comparison.

Envelope Asymmetry. The degree of fit of the calculat-
ed and observed spectra was done by assuming a line
width for each proton species independent Of the proton
guantum number. Although the experimentally observed
envelopes show some definite asymmetry, averages of low-
field and high-field portions were used to compare to the
calculated spectra. The line width asymmetry in nitroxide
spectra is normally quite evident and is, of course, used to
determine the rotational correlation time of the radical
species. This asymmetry arises from the correlated anisot-
ropy of the ¢ and hyperfine tensors and leads to a line
width dependence on the nuclear quantum number(s). To
attempt to analyze the proton superhyperfine structure in
this way in the present case would be very complicated
since, for the case of TEMPOL, for example, five different
coupling constants and group quantum numbers as high
as 3 (for the equivalent methyl group protons) are in-
volved. One might expect the effect to be small since the
dipolar contribution to the hyperfine tensor while large
and significant for the nitrogen nucleus (near the majority
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TABLE I: Observed and Calculated Hyperfine Coupling Constants (in Gauss) for TEMPOL and TEMPO?

TEMPOL TEMPO
Species aobsd-K flobsd-B flcalcd aobsd-K Qobsd-B flcaled b
.-OH - 0.01
~-H (ax) +0.09 +0.07 +0.02 +
H (o) 0 2 +0.14 5+0.18 +0.18 0.08
/3-CH;(ax) -0. -0.31 -0.17 L _ _
5 CHe(en) 20,29 2048 20,92 +-0.39 0.39 0.55
a-CHij(ax) -0.43 - 0.02 -0.11 . _ _
Sec H S(ea) -0.43 -0.45 -0.37 =022 0.23 0.24
N 15.3' +8.59 15.3' 8.59

n The observed values are denoted as K and B for the data of Kreilick !ref 7) and Briere, etal. (ref 6). b Average of axial and equatorial values for TEMPOL.

" One-halfthe measured splitting ofthe £1 nitrogen lines, this work, in benzene.

of the spin density) might well be expected to be small for
the protons spatially removed from the nitrogen. This
argument, however, while attractive may not be valid
since the observed effects themselves are small. Experi-
mentally one does measure spectral parameters (ampli-
tudes of peaks and valleys of the envelope derivatives)
that differ in a statistical sense from the low-field portion
to the high field portion from the experimental error in
the corresponding measurements in a given half of the hy-
perfine envelope. These differences tend to be larger in
the central portion of the envelopes but fall within experi-
mental error at the outer portions for the spectra exhib-
iting good resolution. For spectra where individual proton
lines are unobserved (low resolution) the differences are
not statistically significant. These effects do not affect our
model comparisons and would not contribute in a signifi-
cant way to a calculation of “mean” rotational correlation
times that ignores them. However, they are real and
might well be explored in a more general and detailed
study of the theory of line widths and rotational correla-
tion times.

INDO calculations. Since the previous nmr (and, for
that matter, the present esr analysis) cannot experimen-
tally distinguish between the equatorial and axial «-meth-
yl and d-methylene protons in TEMPOL we carried out
INDO calculationss to see if the theory gave a fit suffi-
ciently good to allow an assignment of the coupling con-
stants. The results are contained in Table | for calcula-
tions using the crystal structure data of Lajzerowicz-Bon-
neteauio with the molecule in the chair conformation and
with the 7 -OH group occupying the equatorial position.
Presumably, this conformation is also the dominant one in
solution although some effects from the axial OH confor-
mer or the intermediate skew structure might come in.
Calculations using the axial conformer showed relatively
little change (<0.01 G) in the calculated coupling con-
stants for axial or equatorial species; the 7 proton can oc-
cupy an equatorial position only in the axial conformer.
The reported values for the methyl protons represent sim-
ple averages of 12 discrete proton orientation and are
meant to simulate the rotation of the methyl groups.
There is a sizeable variation with angle, the variation
being +0.27 to -0.43 G for the axial methyl species and
-0.04 to -0.89 G for the equatorial methyl protons. Cal-
culations of this type are sometimes sensitive to precise
molecular geometry and without a careful and complete
analysis of the various molecular geometric parameters we
would not claim the reported values to be the best possi-
ble. However, the general agreement of magnitude (and
sign) does indicate that the a-methvl and d-methylene
protons occupying equatorial positions have larger cou-
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pling constants then those occupying axial positions. In-
cluding the 7 -methylene proton one can further generalize
by saying that equatorial species have coupling constants
of larger absolute magnitude. Our incomplete calculations
do not allow us to comment on what sort of conformer in-
terconversion averaging takes place experimentally in so-
lution or whether it is incomplete or rapid between
species of differing thermodynamic stability. The calcu-
lated nitrogen coupling constant is also included in the
table and does not show particularly good agreement with
that measured experimentally by esr.

Although no calculations were explicitly carried out for
TEMPO one would well expect the results to be essential-
ly identical with those for TEMPOL with the possible ex-
ception of the 7 -methylene proton. For TEMPO, equato-
rial and axial conformations are identical and the fact
that a rapid interconversion is occurring is shown by the
presence of single «-methyl and /3-n".ethylene coupling
constants both in Briere’s and Kreilick's data. Table |
shows that a simple average of the axial and equatorial
coupling constants for each proton type yields values in
reasonable agreement with the experimental ones.

Summary

Unresolved proton hyperfine interaction significantly
affects the line widths and line shapes of the principal
lines in esr spectra of nitroxide radicals. The purposes of
the present study were (a) to establish the correct models
for proton hyperfine interaction in the piperidine nitrox-
ides 2,2,6,6-tetramethylpiperidine-ivV-oxyl (TEMPO) and
2,2,6,6-tetramethylpiperidine-Aroxyl-4-ol (TEMPOL) and
(b) to illustrate the magnitude of appropriate line width
corrections for these radicals in benzene.

Esr spectra for these radicals in benzene have been ob-
tained in which the proton hyperfine structure is partially
resolved. Comparison of these spectra to spectra simulat-
ed using various models of the proton hyperfine coupling
have confirmed the magnitude assignment of Briere, et
al.e For TEMPO the magnetic nonequivalence of the axial
and equatorial substituents at each position of the piperi-
dine ring is effectively averaged. This is not the case for
TEMPOL, and INDO calculations indicate that at each
ring position the coupling constant of larger absolute mag-
nitude is associated with the equatorial substituent.

Using the appropriate models for the proton hyperfine
interaction observed envelope line widths have been cal-
culated as a function of the true individual line width and
are reported in graphical form. The magnitude of the cor-
rection needed to obtain the true width from the apparent
one is greater for TEMPO and TEMPOL than for pre-
viously studied radicals. The effect of intrinsic proton line
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width on the line shape of the overall envelope has also
been illustrated.
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The Lippincott-Schroeder empirical potential function model of the hydrogen bond has been used to cal-
culate the bond energies of the strongly hydrogen-bonded bihalide ions HX2- and the bond properties of

the weakly hydrogen bonded CHY (Y = O,
clear distances, the bond energies for HF2

S, N) systems. For experimental X-H-X bihalide internu-

HCI2“, HBr2“, and HIl2 were calculated to be -32.5.

-16.8. -21.7, and -13.8 kcal mol-1, respectively. The influence of geometric parameters on CHY bonds
is discussed. CHO and CHN bonds are calculated to be comparable in strength and have comparable fre-
guency shifts. CHS bonds are stronger than CHO or CHN bonds with larger frequency shifts.

Introduction

Hydrogen bonding in the bihalide ions, HXz2-1 (X = F,
Cl, Br. I) and in systems of the type C-H---Y (Y = O,
S, N)2 has been well established. However, the bond ener-
gies and the influence of geometric relations on these
bonds are not well known. Several theoretical studies on
these systems have been made but no treatment by the
Lippincott-Schroeder empirical potential function model
of the hydrogen bonds-4 (hereafter designated PFM) has
been attempted. This model has been shown to allow cal-
culations which provide excellent agreement with experi-
mental hydrogen bond properties.s 7 Correspondingly, the
PFM has been used to calculate some of the properties of
the less well-known weakly hydrogen-bonded systems
CHY and to provide empirical calculations for the bond
energies of the strongly hydrogen-bonded bihalide ions.
The methods of calculation used in this study have been
previously described.s

Bihalide lons

Thermodynamic.s1z X-ray,14 iris21 and Raman.21 neu-
tronz123 diffraction, and nmrzs4-2s investigations of the bi-
halides have been reported, but no direct experimental
determination of the energy of the hydrogen bond in these
systems has been made. Accordingly. The PFM has been

used to calculate empirical bond energies for the HX:
ions. The parameters used for the calculations are given in
Table I.

HF2-. Prior to the work of Williams and Schneemeverz2
it had been thoughtis-2s 26 that the HF2" ion was a lin-
ear, symmetric ion with the F-H-F distance equal to 2.26
A and the H-F distance equal to 1.13 A, however these
workers have shown that the F-H-F structure is probably
asymmetric. The enthalpy of formation ol this hydrogen
bond has been variously reported to range from -27 to
—50 kcal mol-1.914-27 The generally accepted bond en-
thalpy of -37 kcal mol-1 was established by Harrell and
McDanieliz by measuring the temperature dependence of
the vapor pressure for the reaction between n-alkvlammo-
nium salts and HF.

Murthy, Bhat. and Raozs have used molecular orbital
calculations to calculate the F-H-F distance to be 2.2 A
with an H-F distance of 1.1 A. The bond energy calculat-
ed was —300 kcal. Extended Hiickel calculations by these
same authors gave an F-H-F distance of 24 A and a bond
energy of -39 kcal. Noble and Kortzebornzs using LCAO-
MO-SCF studies calculated the F-H-F distance as 2.25 A,
HF as 1.11 A. and the bond energy as -40 kcal. Schust-
erso calculated F-H-F as 225 A. HF as 1.125 A. and the
bond energy as —106 kcal from CNDQO ab initio methods.
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TABLE I: Primary Parameters Used for the
Lippincott—Schroeder Empirical Potential Function
Model of the Hydrogen Bond"

k X H)“5
Bihalide dyncm 1 re —re*.-Vv Do, kcal dacm 1
HF- - 9.654 0.9168 135.1 4138.33
HClm 5.160 1.2746 102.1 2989.74
HBr 4.117 1.413 86.47 2649.67
HI- 3.142 1.604 70.47 2309.50

n All data taken from ref 36 except for H Fr which Wwas taken from
“JAN AF Thermochemical Tables,” The Dow Chemical Co., Midland, Mich.,
1963.

For a F-H-F distance of 2.26 A, a bond energy of -32.5
kcal mob1l and H-F distance of 1.10 A is calculated from
the PFM. A frequency shift of 1564 cm -1 is obtained from
the model which is in poor agreement with reported shifts
of approximately 2690 cm-19°'1526 for the hydrogen
stretching motion.

The reported F-F distance in the cyclic hexamer,
(HF)6, is 2.53 A.3L If the F-H-F bond is considered to be
linear, a bond energy of —7.16 kcal mol"1 of HF bonds is
calculated from the PFM (Table Il). This is in good agree-
ment with the reported bond enthalpies of -6.6732 and
—6.80 kcal mol"1.33 However, -Janzen and Bartell3l
suggest that some ring protons migrate off the F-F ring
axis. If this migration occurs, the F-H-F bond will no
longer be linear. For an H-F-F angle of about 10°, the en-
ergy calculated from the PFM is -6.28 kcal mol"l of HF
bonds. Thus it appears that if migration of the proton
does occur, the migration is such as to give an H-F-F
angle not greatly exceeding 10°. The dependence of the
bond energy on angle is about the same for all the bihal-
ide ions. i.e.. an angle of about 10° for a given X-X dis-
tance reduces the bond energy by about 1 kcal. The agree-
ment of the bond energies calculated from the PFM with
the accepted bond enthalpies for HF2“ and (HF)6, which
have quite different F-H-F distances, indicates that the
relation between bond energy and internuclear distance is
adequately described by the PFM. Because the F-F dis-
tance in HF2" is well known, the PFM must give reason-
able agreement with accepted bond energies if any degree
of reliance is to be placed in the model for the calculation
of bond energies for the other bihalide ions whose geome-
try is less well known.

Table Il lists some of the results of the calculations of
the PFM for hydrogen bonded F-H-F systems.

HC12

Waddington16 and McDaniel and Valleell report that
HCIl2 is linear and centrosymmetric like HF2". Evans
and Lol7 also report from studies on crystals that the
HCIl2 ion is linear but that the symmetry of the ion de-
pends upon the nature of the cation in the crystal struc-
ture. Evans and Lo consider the HCI2“ crystalline salts to
be of tw'o types. Type | salts are linear and unsymmetric
and type Il salts are linear and centrosymmetric; the type
Il salts have the stronger hydrogen bond. In addition to
the difference in hydrogen bond energy for type | and type
Il salts there is also a difference in the asymmetric hydro-
gen stretching frequency, the type Il salt having the great-
er frequency shift. Nibler and Pimentel3 have evidence
that the type Il salt is unsymmetrical but they could not
resolve the symmetry of the type | structure.

Schroeder and lIbersl4 used X-ray diffraction to deter-
mine the CI-CI distance in HC12“ to be 3.14 + 0.02 A.
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TABLE IlI: Hydrogen Bond Properties of F—H—F
Systems as Calculated from the
Potential Function Model

Frequency shift,

F-H-F. A H-F, A —E, keal cm'1
2.15 1.068 52.76 536
2.20 1.087 43.69 9
2.25 1.101 34.60 1472
2.30 1.104 25.91 1933
2.35 1.083 18.68 2148
2.40 1.045 13.91 1867
2.45 1.012 10.69 1462
2.50 0.988 8.28 1128
2.55 0.971 6.41 873
2.60 0.959 4.96 678

TABLE I11: Hydrogen Bond Properties of HCL as
Calculated from the Potential Function Model

Frequency shift,

Cl-H-CI, A H-CI, A —E. keal em 1
3.00 1.483 32.47 727
3.05 1.496 26.57 1319
3.10 1.499 20.85 1511
3.15 1.482 15.80 1511
3.20 1444 12.05 1424
3.25 1.405 9.43 1173

The bond energy calculated from the PFM for this inter-
nuclear distance is -16.8 kcal mol-1. The uncertainty of
+0.02 A in the internuclear distance gives a corresponding
uncertainty of about 2 kcal in the calculated bond energy.
The reported bond enthalpies range from -8.3 to -14.2
kcal mol“1.11 A frequency shift of 1510 cm-1 was calcu-
lated as compared to the reported frequency shift of 1439
cm-111,17 for a type | salt. The agreement between the
calculated and experimental frequency shift is no doubt
fortuitous and no distinction between type | and Il salts
seems possible from the PFM. The PFM does indicate
that the difference between type | and Il salts must lie in
the difference in the CI-Cl distance in the two salts; i.e.,
if the CI-CI distance is the same in both types of salts,
the predicted bond energies and frequency shifts would be
identical. For linear ions, the only parameter necessary for
calculation of bond energy from the PFM is the X-H-X
distance, therefore any asymmetry in the structure enters
into the calculations only in as far as the asymmetry af-
fects the internuclear X -X distance.

Table Il reproduces some of the results of the calcula-
tions of the PFM for HCI2" .

HBr2

McDaniel and Valleell established an apparent lower
limit of —12.8 kcal mol”1 for the bond enthalpy of the
HBr2" ion by measuring the heats of reaction for various
(n-alkyl)aN +HBr2" salts. Evans and L018-19 argue for the
existence of type | and type Il HBr2" salts corresponding
to HCIl2 . Schroeder and Ibersl4 report the Br-Br dis-
tance in HBr2" as 3.35 + 0.02 A as obtained from X-ray
work. From this internuclear distance, a hydrogen bond
energy of -21.7 kcal mol"l is calculated from the PFM.
This large discrepancy with the suggested limiting bond
enthalpy of —12.8 kcal mol"l is somewhat surprising,
especially when the agreement between calculated and
estimated bond energies and enthalpies for HF2" and
HC12" is considered. If this internuclear distance is cor-
rect, the bond enthalpy estimates may be low. An addi-
tional value for the Br-Br distance may be estimated from
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TABLE 1V: Hydrogen Bond Properties of HBr as
Calculated from the Potential Function Model

Frequency shift,

Br-H-Br, A —E, kcal cm~1
3.25 1.613 31.49 412
3.30 1.630 26.59 661
3.3 1.642 21.67 922
3.40 1.644 16.94 1175
3.45 1.624 12.80 1329
3.50 1.584 9.76 1239
3.55 1.545 7.63 1019
3. 1.515 6.02 811

TABLE V: Hydrogen Bond Properties of HI.- as
Calculated from the Potential Function Model

Frequency shift,

-1, A I, A —A, kcal

I-H -1 H- cm 1
3.65 1.812 25.47 340
3.70 1.830 21.52 552
3.75 1.842 17.59 74
3.80 1.843 13.78 993
3.85 1.825 10.40 1140
3.90 1.786 7.88 1086

Nibler and Pimentel3 who have calculated the H Br dis-
tance in HBr2" to be 1.73 A. If the ion is assumed to be
linear and symmetric the Br- Br distance would be 3.46 A
giving a PFM calculation of the bond energy to be -12.2
kcal mol"1. If the estimated bond enthalpies are consid-
ered to be nearly correct, the Br-Br distance must be
close to that as calculated from the work of Nibler and Pi-
mentel, however, because of the qualitative nature of the
latter estimate for the Br-Br distance it seems possible
that the PFM s in error in this instance. A frequency
shift of 1329 cm "1 is calculated from the PFM. which is
somewhat higher than the experimental value of 1230
cm " 118 for a type | salt.

Table IV lists the results of the calculations of the PFM
for HBr2~.

HI2

The estimated bond enthalpies for HI2 range from
-7.3 to -12.4 kcal mol"1.1 McDaniel and Vallee.11 who
report the lower limit of —12.4 kcal mol"1 for the hydro-
gen bond enthalpy in HI2 , find a frequency shift of 660
cm 1. Reddy. Knox, and Robin3 found that the I H I
distance in the inclusion compound HI3-2C6H5CONH?2 to
be 3.80 A from X-ray work. No report of type | or type Il
salts for HI2" was discovered in the literature. For an
I-H-1 distance of 3.80 A, a hydrogen bond energy of -13.8
kcal mol"1 is calculated from the PFM. The HI distance
given by Nibler and Pimentel3 for HI2 is 1.93 A. If HI2"
is assumed to be linear and symmetric, the I-1 distance
would be 3.86 A giving a calculated bond energy of -10.0
kcal mol 1 The frequency shift is calculated to he 993
cm-1 for an I-1 distance of 3.80 A.

Table V lists the results of the calculations of the PFM
for HI2". A summary of the calculated bond energies for
the bihalide ions is given in Table VI. The results of the
calculations given in these tables also show the relation
between the bond energies and internuclear distance for
the hydrogen bond in the bihalides.

C-H-Y

The PFM of the hydrogen bond does not usually take
into consideration the nature of the parent molecule
which supplies the species participating in the hydrogen
bond, i.e.,, attention is focused solely on the atoms X-
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Figure 1. Geometry and symbols used for the description of the
CHY hydrogen bond.

TABLE VI: Calculated and Estimated Bond Energies
and Enthalpies for the Bihalide lons, HX>"

Lower lim it Range* for

Calcd —E, for -AH, -AH, kcal
Bihalide X-H-X, A kcal mol 1 kcal mol-1 mol _|
HF, 2.26" 32.5 37" 27-58
hcl" 3.14 + 16.8 14.2" 8.3-14.2
0.cz
3.14"
HBr, 3.35 21.7 12.8" 9.4-12.8
0.cCc2"
3.46" 12.2
hi2- 3.801 13.8 12.4" 7.3-12.4
3.86" 10.0

n Calculated from the equation given by Nibler and Pimentel (ref 34) as-
suming a linear symmetric ion. h|-1 distance from ref 35. ¢ Reference 11.
d Reference 12. * Reference .. f Reference 26. a Reference 14.

H---Y that form the hydrogen bond. However, in the
case of the C-H---Y hydrogen bond, the PFM parame-
ters for the CH bond will depend somewhat on the nature
of the parent molecule insofar as the hybridization of the
carbon atom affects the CH bond properties. For example,
the hydrogen bonding ability of a CH group decreases
with changes in the hybridization of carbon in the order
C(sp)-H > C(sp2)-H > C(sp3)-H, and increases with the
number of adjacent electron-withdrawing substituents.
Agreement between calculated and experimental C-
H---Y bond properties was slightly better when acety-
lene parameters were used instead of ethylene or methane
parameters. Correspondingly, the CH bond parameters
given in Table VII for general use in the PFM were taken
from acetylene. However, for calculations from the PFM
for a specific bond, better agreement with experiment is
found when the parameters are taken from a molecule
with the same hybridization as the molecule participating
in the bond. The geometric parameters needed in the cal-
culations are defined in Figure 1, and the parameters used
for C-H---Y systems in general are given in Table VII.
To account for changes in translational and rotational de-
grees of freedom on dissociation of the hydrogen bond Lip-
pincott and Schroeder3 have used a correction of %R7'.
Thus to convert intermolecular hydrogen bond energies to
enthalpies, the energies reported in this work must be
made more negative by A2R7’.

C-H-0

The existence of C-H---0 hydrogen bonds has been
confirmed by the association of proton-donating CH
groups with suitable strong oxygen-containing bases in so-
lution.2-3740 The C-H- -0 bond enthalpy is reported to
range from -1.6 to -3.6 kcal mol“ 1 for bond formation in
solution.4l Brand, et al,.42 however, have shown that con-
siderable discrepancy exists among SH values determined
by various methods.

Studies on the crystalline state43-46 have apparently
confirmed the existence of C-H---0 hydrogen bonds in
solids. Much of the evidence for these hydrogen bonds is
based upon crystallcgraphically observed short C-H---0

TreJourrdl of Physical Crerristy. \d. 78 Na 14 1974
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TABLE VII: Parameters and Constants for C-H- =Y Systems

kn X 10-5,
Du, kcal" dyn cm -16 n, \a Do*, kcal
CHO 103 5.85 1.058 118
CHS 103 5.85 1.058 91.5d
CHN 103 5.85 1.058 101*

“ G. llerzbcrc, “Electronic Structure of Polyatomic Molecules,” Van Nostrand , Princeton, N. J., 1007. “ O. Herzberg, “ Infrared and Raman Spectra,

Nostrand, New York ,N. Y., 1945. ' Reference 5. d Reference 6.

intermolecular contacts.47 Pimentel and McClellanl and
Donohue48 view this evidence with skepticism and believe
the short contacts are no real proof for association of CH
groups with oxygen atoms via hydrogen bonds in crystals.
Although Sim49 believes that there are indisputable cases
of C-H---0 hydrogen bonds in crystals, he argues that
short C-H--O crystallographic contacts per se cannot
be indiscriminately assigned as due to hydrogen bonds. In
order to prove the existence of C-H---0 hydrogen bonds
in crystal structures, not only must there be a relatively
short contact but there also must be evidence for an at-
tractive association which specifically involves the hydro-
gen atom. Thus it must be possible to relate the geometry
of the molecule and crystal to the properties of CH---0
systems.

The applicability of the PFM to C-H---0 hydrogen
bonds was first tested by using compounds for which the
geometric parameters and CH stretching frequency shifts
(difference between the unassociated CH stretching fre-
guency in solution or vapor and the associated frequency
in the solid state) have been experimentally determined.
Calabrese, McPhail, and Sim43 have determined the
structure of propargvl 2-bromo-3-nitrobenzoate from
X-ray techniques and have determined the CH frequency
shift for the compound. The intermolecular C-H---0
bond distance (R) was found to be 3.39 A with a hydrogen
bond angle (8) of about 17°, while the frequency shift was
reported as 47 cm-1. When this bond distance and angle
are used in the PFM, a frequency shift of 27 cm-1 and a
CHO bond energy of —0.2 kcal mol 1 are calculated. No
experimental determination of the bond energy was re-
ported.

Ferguson and Islam44 found the C-H---0 bond dis-
tance to be 3.21 A and the hydrogen bond angle 8 to be
12.2° in the X-ray study of crystalline o-chlorobenzoyla-
cetylene. The CH stretch frequency shift was found to be
69 cm-1. When this bond distance and angle are used in
the PFM, a frequency shift of 84 cm 1and a bond energy
of -0.4 kcal mol 1 is calculated. Although the geometric
parameters are not known, it is interesting to note that a
frequency shift upon crystallization of 73 cm 1 has been
reported for the similar compound benzoylacetylene.®

Calabrese, McPhail, and Sim%0 found the geometric pa-
rameters R and 8 to be somewhat the same for the C-
H---0 intermolecular hydrogen bonds in propargyl 2-
bromo-3-nitrobenzoate (R = 3.39 A, 8 = 17°) and trieth-
ylprop-2-nylammonium p-bromobenzenesulfonate (R =
3.36 A, 8 = 18°, but that the CH frequency shift for the
two compounds differed considerably being 47 and 113
cm-1, respectively. They concluded that there was no
simple relation between geometric factors and the fre-
quency shift. The PFM predicts just the opposite, i.e., for
a given set of geometric parameters, the frequency should
be fixed. According to the PFM the benzenesulfonate
should only have a frequency shift of about 3 cm 1greater
than the nitrobenzoate. The only noticeable chemical dif-
ferences between these two compounds are that (1) in the
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ka* X 10-', b X 10-',
dyn cm*“1 r,*. A u». era"1l' cm“‘C
7.76' 0.97' 3372 4.8
4.14d 1.334~ 3372 4.8
6.35'- 1.025* 3372 4.8
Van
TABLE VIII: Calculated Energies and Frequency
Shifts as a Function of R and 8
0, Av, ~E, d, A»', -E ,
R, A deg cm kcal deg cm -1 kcal
CHO 3.20" 0 106 0.53 20 60 0.31
3.25 82 0.40 47 0.23
3.30 63 0.30 36 0.18
3.35 49 0.23 28 0.13
3.45 29 0.13 16 0.08
CHS 3.50" 0 182 1.40 20 113 0.90
3.55 147 1.10 91 0.71
3.60 118 0.87 73 0.55
3.65 95 0.68 59 0.43
3.75 61 0.41 38 0.26
CHN 3.25" 0 93 0.46 20 53 0.27
3.30 72 0.35 41 0.20
3.35 56 0.26 32 0.15
3.40 43 0.20 24 0.11
3.50 25 0.11 14 0.06
a van der Waals radius.
C-H---0 association in propargyl 2-bromo-3-nitroben-

zoate crystals, the oxygen is bonded to a carbon atom
while in the triethylprop-2-nylammonium p-bromoben-
zenesulfonate the oxygen of the acceptor group is attached
to a sulfur atom, and (2) that the -benzenesulfonate crys-
tal is composed of ionic entities unlike the molecular -ni-
trobenzoate units. Thus, if the CH stretch is perturbed by
sulfur, a larger frequency shift might be expected on the
basis of the PFM calculations on C-H---S systems (see
later section): or the strongly ionic characteristics of the
C-H---0 attraction in the -benzenesulfonate system
could result in a larger frequency shift than predicted by
the PFM. In either case, these factors could possibly ex-
plain the unusually large frequency shift found for trieth-
ylprop-2-nylammonium p-bromobenzenesulfonate.

The intermolecular C-H---0 bonds in crystalline
structures are generally of lengths in the range of 3.2 to
3.35 A (R) and are typically bent with an angle (8) of
about 10 to 25°.47 The frequency shifts and energies calcu-
lated from the PFM for such bonds as a function of the
hydrogen bond length and angle are given in Table VIII.

According to Sutor47 intramolecular C-H---0 bonds
exist in crystals with bond lengths (R) in the range from
2.7 to 3.2 A and with an angle (8) of about 50°. Although
the bond length would be very favorable for hydrogen
bond formation, the angle necessitated by steric consider-
ations would severely strain and weaken the projected
bond. The energies and frequency shifts calculated from
the PFM for an angle of 50° range from —0.39 kcal mob1l
and 48 cm*“1 for a bond distance of 2.7 A to -0.03 kcal
mol 1and 4 cm 1 for a bond distance of 3.2 A. Often o-
nitrobenzaldehyde is offered as a classic possibility for an
intramolecular C-H---0 hydrogen bond between the al-
dehyde CH and the nitro oxygen. However, with a C-
H---0 bond length of 270 A and bond angle of 62° in
crystalline o-nitrobenzaldehyde, doubts have been ex-
pressed as to whether this is an actual hydrogen
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bond.4849'51 Calculations from the PFM indicate that
such a bond may exist but that it will be very weak.

For intermolecular C-H---0 bonds due to association
in solution, linear bonds are expected. In general, the
bond lengths seem to be slightly larger than the sum of the
van der Waal’s radii. The experimental frequency shift for
the haloforms in dimethyl sulfoxide solution range from 28
to 50 cm*“ 1.2 For the van der Waals radius of 3.2 A, the
frequency shift is calculated to be 106 cm-1 from the
PFM. and for a bond distance of 3.5 A a frequency shift of
22 cm*“1 is calculated. For BrCFbC~CH in 1,2-dime-
thoxyethane, the experimental frequency shift is 64
cm* 1,52 while in dimethyl sulfoxide the frequency shift is
102 cm*“ 1.2 The larger frequency shift in dimethyl sulfox-
ide would be interpreted by the PFM as being due to a
shorter C-H---0 bond length (3.2 A) than in 1,2-dime-
thoxyethane (3.3 A). Both 1,2-dimethoxyethane and di-
methyl sulfoxide would be expected to form strong hydro-
gen bonds with concomitant shortening of the bond
length. In general, for acetylenes in solution, the frequen-
cy shift is about 50 to 60 cm*“1. The energies calculated
for these bonds may be found in Table VIII and are in fair
agreement with the energy calculated from molecular or-
bital considerations, -0.61 kcal mol“ 1.53

Evidence has recently been presented on the possibility
of C-H---0 hydrogen bonds in polypeptides, such as in
polyproline, collagen, and polyglycine.5457 For the helical
polyglycine Il structure, Krimm, et a/.,56'57 have con-
firmed the existence of a C-H---0 hydrogen bond inte-
gral to the inherent structure of the molecule by infrared
studies which have shown a CH stretching frequency shift
of 45 cm*“ 1 due to the hydrogen bond formation. The dis-
tance of closest approach {i.e., R) for this molecule has
been estimated to be about 3.1 to 3.2 A,54 5 but no esti-
mate of the angle 6 has been given. Poland and Schera-
gas8 have estimated the bond energy of the C-H---0 hy-
drogen bond for this molecule to be -0.93 kcal mol“1on
the basis of their own potential function model. If the geo-
metrical parameters for the C-H---0 system in polygly-
cine Il are taken to be R = 3.2 A and f) = 20°, a frequency
shift of 60 cm*“1is predicted from the PFM in good agree-
ment with the experimental value, while likewise the
PFM indicates a bond energy of —0.3 kcal m ol1 in fair
agreement with the calculation of Poland and Scheraga.
Although the C-H---0 hydrogen bond is relatively weak,
it may be important in the structural formulations of
some complicated biochemical molecules such as proteins
which involve polypeptide units.

C-H-.-N

C-H---N hydrogen bonds have not been extensively
investigated. The bond, as calculated by the PFM, is
roughly as strong as the C-H---0 bond with comparable
frequency shifts, as shown by Table VIII.

The applicability of the PFM to C-H---N hydrogen-
bonded systems can be tested by utilizing the well-known
crystallographic and spectroscopic properties of the two
compounds, hydrogen cyanide (HCN) and cyanoacetvlene
(HC=C-CN). In their respective crystal structures, both
molecules are joined into linear chains by C-H---N hy-
drogen bonds. For the self-association of crystalline hydro-
gen cyanide a C-H---N bond length (R) of 3.18 A is
reported, and the CH stretching frequency is found to de-
crease by 180 cm” 160 on passing from the vapor to crys-
talline state. Within the experimental error of the crystal-
lographic measurements, <this bond may be taken to be
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linear. A frequency shift of 115 cm*“ 1 and a bond energy of
-0.6 kcal mol“1 are calculated from the PFM for this
bond length. Crystalline cyanoacetylene is reported to be
connected by linear C-H---N hydrogen bonds of length
3.27 A,61 while the corresponding CH frequency shift was
experimentally determined to be 125 cm*“ 162 A frequency
shift of 85 cm*“1 and an energy of about -0.4 kcal mol-1
are calculated from the PFM for this bond.

A C-H---N bond enthalpy of —2.09 kcal mol*“ 163-&4
for the association between chloroform and pyridine in
CCU solution has been reported. The frequency shift for
this system is 53 cm* 1,63 giving a bond energy calculated
from the PFM of —0.2 kcal m ol1l. Typically, frequency
shifts have been reported in the range 23 to 113 cm-1 for
C H---N bonds in solution, while enthalpies of forma-
tion for similar bonds have ranged from -1 to -4 kcal
mol“ 1.38-52-64 66 These experimental factors would rough-
ly correspond to C-H---N bond distances ranging from
3.20 to 3.50 A for association in solution according to the
PFM. From nmr proton shifts for C-H---N association
in solution, Berkeley and Hanna6/ have calculated the
C He=N hydrogen bond distance to vary from about 3.5
to 3.8 A.

C-H-.-S

It is interesting to note that C-H---S hydrogen bonds
are predicted to be two to three times stronger than C-
H---0 or C-H---N bonds with correspondingly larger
frequency shifts fcr customary bond distances (Table
Vffl). Even though the C-H---S bond is calculated to be
stronger than other accepted C-H---Y bonds, the litera-
ture does not show any evidence for the existence of this
hydrogen bond. Donor-acceptor studies between proton-
donating CH groups and organic sulfides should indicate
fairly strong hydrogen bond associations according to the
PFM. Of special interest is the possible importance of C-
H---S links in biochemical systems similar to the pre-
viously reported C-H---0 bonds in polypeptides. These
links may be quite important in determining the stereo-
chemistry of biopolvmers.

Note Added in Proof. It has been brought to our attention
that the existence of CHS hydrogen bonds has been re-
ported in the literature.68-70 The reported bond enthalpies
fall in the 1-2 kcal range.

Acknowledgment. Support for this work was provided
by Research Corporation through the Cottrell College
Science Grants program.

References and Notes

(1) G. C. Pimentel and A. L. McClellan, AI'U m Fr)ﬁ O.H-n 22,
347 (1971).

(2) A. Allerhand and P. Von Rague Schleyer, J AH O’BTIS:C 85,
1715 (1963).

(3) E. R. Llppincolt ard R. Schroeder, J OBT] F')B 23, 1099
(1955).

s Gamoer, og a0

(4) E. R. LlppIncott and R. Schroeder, J 5a):
(5) . Robinson, H. D. Schreiber. and J. N. Spencer, m

28, 397 (1971). -

(6) 2 |DA chrgiber, W R. Snyder, and J. N. Spencer. Wm
29. 1225 (1973).

(7) A. Robinson. H. D. Schreiber. and J. N. Spencer, J F’)G

1752219 (1971).
@8 S. S. Chang and E F. Westrum. Jr.. J Cam Fhﬁ 36, 2571

1962).
) |(z F. )Westrum and k. s. pier, J A GEN ST, 71, 1040

(1949).

(10) E. F. Westrum and K. S. Pitzer, J . 15, 526 (1947).
(11) D. H. McDaniel and R. E. Vallee, @ IR, 996 41963).
(12) S. A. Harrell and D. H. McDaniel, . o . 86. 4487

(1964).
(13) J. A. Salthouse and

.C. WaddIngton JC%JS:CAW (1964).
(14) L. W. Schroeder and J. A. Ibers, iﬂ]g 47,594 (1968).

The Journal of Physical Chemistry. Vol. 78. No. 14. 1974



1420

(15)

(16)
(17
(18)
(19)
(20)
(21)

(22)
(23)
(24)
(25)
(26)
(27)
(28)
(29)
(30)
(31)
(32)
(33)

(34)
(35)

(36)

(37)
(38)
(39)

(40)
(41)

(42)

G. L. Cote and H. W. Thompson, HQL RySa:, SY. Azio, 206

(1951).
T. C. Waddington, vJ o
J. C. Evans and G. Y-S Lo,
J. C. Evans and G. Y-S Lo, J.
J. C. Evans and G. d_HLpn
L. W. Schroeder, J
J. J. Rush, L. W. Schroeder,
56. 2793 (1972).
J. M. Williams and L. F. Schneemeyer,
5780 (1973)
J. A lbers, JOHT]F')B“- 402
J. C. Evans and G. Y-S Lo, J.
J. C. Evans and G. Y-S Lo, J.
B. L. McGaw and t&lt}ers.
J. A. A. Ketelaar, 'al
A. S. N. Murthy, S. N. Bhat,
1251 (1970).
P. N. Noble and R. N. Kortzeborn,
(1970).
P. Schuster, TETG'I
J. Janzen and L. S. Bartell,
J. H. Simons and J. H. Hildebrand,
(1924).

W. Long, J. H. Hildebrand, and W. E. Morrell,

y 65, 182 (1943).
J. W. Nibler and G. C. Pimentel, 3%7 1967).
J. M. Reddy, K. Knox, and M. B Robin, % , 1082
(1964)
G. Hertzberg, "“Molecular Spectra and Molecular Structure I,” in
“Spectra of Diatomic Molécules,” 2nd ed, D. Van Nostrand, Prince-
ton. N. J., 1950.

C. 3. Cresswell and A L alred, J A, Q8N SE. 85, 1723

1 1958).

1 70. 11 (1966).

d 71, 3942 (1967).
173, 448 (1969).

.52, 1972 (1970).
J Genfhes.

and A. J. Melveger,

J A, GemSx. o5,

170, 2702 (1966).
171,3697 (1967).
. 39, 2677 (1963).

. J GETIST A

andC N. R. Rao,

J Gam Fhﬁ 52, 5375

1970)
H* 11 (3969).
§I: 46, 2183

J Awr. Gem

(1963).

A. S. N. Murthy and C. N. R. Rao. m:l &HIICE: RL 2, 6o
(1968).

J. C. D. Brand, G. Eglinton, and J. F. Morman, J OHT]S:E
2526(1960).

T. S. Pang and S. Ng, mmmﬁ&l’. %&

S. Singh, A. S. N. Murthy, and C. N. R. Rao,

62,1056(1966).
and J. Tyrrell, J OHT]&E 5914

J. C. D. Brand, G. Eglinton,
(1965)

(43)

(44)
(45)
(46)
(47)
(48)

(49)
(50)

(51)
(52)

(53)

(54)
(55)

(56)
(57)
(58)
(59)

(60)
(61)

(62)
(63)
(64)
(65)
(66)
(67)

(68)
(69)

(70)

Poul Jorgensen and Jens Christian Poulsen

J. C. Calabrese, A. T. McPhail, and G. A. Sim, J OH“SI B

1235 (1966).
\@m_]&n Bsos (1966).
10, 195 (1965).

G. Ferguson and K. M. S. |
. 19, 47 (1965).

G. Ferguson a . rell

G. J. Palenik, %‘ﬂ

J. D. Sutor, J. 1105 (1963).

J. Donohue in Structural Chemistry and Molecular Biology." A.
Rich and N. Davidson, Ed.. W. H. Freeman, San Francisco. Calif.,

1968, p 459
G. A. Sim, ATUWF?}BO‘BT\M 57 (1967)J0m31: B

J. C. Calabrese, A. T. McPhail, and G. A. 3im

282 (1970).

P. coppens, AdAl 17, 533 {1964)

R. West and C. S. Kraihanzel. . OH“&I: 83, 765
(1961).

K. Morokuma,
V. Sasisekharan.
G. N. Ramachandran.

55 1236 (1971).

12,897 ('959).
G. Ramakrishnan, and C. M. Venkata-
chalam, in “Conformation of Biopolymers,” Vol. 2. G. N. Rama-
chandran, Ed., Interscience, New York, N. Y., 1967, p 429.
S. Krimm, K. Kuroiwa, and Repane, in ref 56, p 439.
S. Krimm and K. Kuroiwa, 5,401 (1968).
D. Poland and H. A. Scheraga, 91
W. J. Dulmage and W. N. Lipscomb
(1951).
R. E. Hoffman and D. F. Hornig
F. V. Shallcross and G. B. Carpenter
(1958).

67).
- 4, 330

7,,1363 (1949).
4 11, 490
G. C. Turrell,

W. D. Jones, and A. Maki, J GHT]F"}B, 26, 1544
(1957).
J. S. Keniry, A. D. Kidman,

Il_ré:svE Finilaé

. 63, 846 (193)
P.J. Berkeley and M. W. Hanna, Oﬂﬂﬁ)ﬁ, 41, 2530 (1964).
M. A. Mesubi, Ph.D. Thesis, Kggsag State Ur%gt%7%
T. Gramstad and O. Vikane. &Hiﬂﬂ'lm 28, 2131
(1972).
P. 3. Berkeley and M. W. Hanna. J AX8Y. Gen Sx. 6, 2090
(1964).
G. R Wiley and s. 1. Miller, J AXAI. GenSsx. g4 a |3%j7j1972)
K. W. Jolley, L. M. Hughes, and I. D. Watson,

and V. A. Pickles,

287 (1974).
J. P. Sheridan. D. E. Martire. and Y. B. Tewa'i,
94. 3294 (1972).

Electronic Spectra of Aromatic Hydrocarbon Anions and Cations in the CNDO/S
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The electronic spectra of some aromatic hydrocarbon radical anions and cations have been calculated
within a model of complete neglect of differential overlap using spectroscopically determined parameters

(CNDO/S).

systems can as well be described in a pure ~ model.

Electronic spectra of conjugated hydrocarbon radical
anions and cations have received an increasing experimen-

tall4 as well

as theoretical5 6 interest. Theoretical treat-

ments have concentrated on applications based on the
Pariser-Parr-Pople (PPP) model where the anions and

catio

ns receive identical theoretical treatment.7-8 The ex-

perimental spectra show strong similarities too, but differ-
ences exist. Explicit consideration of the n-ir interaction
gives theoretically different spectra and we decided to ex-
amine the applicability of the CNDO/S model in describ-
ing the experimental differences. Recently the CNDO/S

The Journal ol Physical Chemistry. Vol. 78. No. 14. 1974

It was found that the 4 winteraction is of minor importance in the calculations and that the

model has been applied on free w radicals and w radical
anions,9 but in contrast to ref 9 which used a traditional
open shell configuration interaction (CD procedurel0 we

will

use the grand canonical (mono excited) configuration

interaction (GCCI) approximation.5 We obtain molecular
orbitals under the assumption that the unpaired electron
in spatial molecular orbital k on the average is equally
distributed between the kct and the k8 spin orbital each
having an occupancy of 1/2 electron.1l The excitation
energies are obtained by performing the configuration in-
teraction consistent with the determination of the molec-
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10 2.0 30 KK

Figure 1. Comparison of experimental and calculated excitation
spectrum of the naphthalene anion and cation. The experimental
spectrum is taken from ref 1 and 2 while the moment directions
are obtained from ref 3. In the theoretical spectrum the ordinate
indicates the oscillator strength f calculated in the dipole length
approximation. The wavy lines with arrows indicate forbidden
transitions.

ular orbitals. This corresponds to diagonalizing the grand
canonical monoexcited configuration interaction matrix5

Atkitk'i') = &kNAvi ~ ttXer — 1) +
(v, ~ vk)(u,, - vkm i\ 1'k") - (kk'\I'D] (1)

K is the occupation number of spin orbital k with orbital
energy £* The index (kl) refers to an excitation from the
Zth to the &th molecular spin orbital. In case of a closed
shell system where the occupation numbers are integers
eq 1 reduces to the standard monoexcited configuration
interaction approximation. A detailed description of the
GCCI method can be found in ref5.

Figures 1-3 show the electronic excitation spectra cal-
culated for three hydrocarbon anions and cations. The
agreement between theory and experiment seems satisfac-
tory and comparable to the agreement obtained in ref 9.
The theoretical spectrum of the naphthalene and anthra-
cene anion shows a strong and a medium peak in the x
direction at about the experimental peaks of 3.6 and 1.3
kK. The rather complex structure in the experimental
spectrum from about 2.5 to 3.1 kK is also present in the
calculated spectra although a direct assignment of indi-
vidual lines is difficult. For the biphenyl anion the experi-
mental and the theoretical spectra are dominated by two
strong peaks and the assignment is unique.

Experimental differences between the spectra of the
conjugated anions and cations seem, however, not to be
reproduced. The shift should be caused by the a-ir inter-
action. This interaction will be examined by performing a
T electron PPP calculation with the CNDO/S & parame-
ters. These resemble very much those used in a standard
PPP calculation.12 The electron repulsion integrals are
obtained from the Mataga-Nishimoto formulal3 with one-
center integrals for carbon of 11.11 eV. The resonance in-
tegrals are determined fromi4

12,/ = W + 0F)KSJ2 2)

where is a parameter characterizing atom n- @v is the
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10 2.0 3.0 KK

Figure 2. Comparison of experimental and calculated excitation
spectrum ot the anthracene anion and cation. The experimental
spectrum is taken from ref 1 and 2 while the moment directions
are obtained from ref 3. In the theoretical spectrum the ordinate
indicates the oscillator strength f calculated in the dipole length
approximation. The wavy lines with arrows indicate forbidden
transitions.

Figure 3. Comparison o* the experimental and calculated excita-
tion spectrum for the biphenyl anion. The experimental spectrum
is taken from ref 4.

overlap between atom n and v, and K is a constant of
0.585. The constant K is introduced only for spectroscopic
applications of the CNDO/S model. A value of 2.44 eV
which is close to the one used in standard PPP calcula-
tions is obtained for the resonance integral between two
carbon atoms at a distance of 1.40 A. The use of eq 2 to
calculate resonance integrals leads to consideration of
nonneighbor resonance integrals in CNDO/S # parame-
ters. The nonneighbor resonance integrals are excluded in
the standard PPP model. We performed PPP calculations
both with and without the nonneighbor resonance inte-
grals. Exclusion gives identical spectra for the anion and
cation in the PPP model and in the GCCI scheme.8 In
Tables | and Il the configurational energies relative to the
ground state and the GCCI excitation spectrum are given
for the naphthalene anion and cation in the CNDO/S
model and in the PPP model with and without consider-
ation of the nonneighbor resonance integrals. The differ-

The Journal of Physical Chemistry. Vol. 78. No. 74. 1974
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TABLE l:« Configurational Energies Relative to the Ground State, Oscillator Strength, and Moment

Direction for the Naphthalene Cation and Anion
Cation

PPP with nonneighbor

without nonneighbor

Anion

PPP with nonneighbor

resonance integrals CNDO/S

CNDO S resonance integrals resonance integrals
7.6 4.8 5.3 4.0 6.3
224 <T-7T*
22.8 (0.84) x 22.1 (0.57) x 20.0 (0.52) x 16.7 (0.46) x 17.0 (0.62) x
24.5 -
349 (068) y 34.0 (0.45) y 26.9 (0.37) y gg.é (032) y %8'513 (0.46) y
35.0 (0.46) y 35.1 (0.30) y 37.0 (0.32) y 35.0 (0.30) y 35.0 (0.46) y
35.8 394 36.5 <>
36.3 (0.88) * 38.7 (0.58) X 41.7 (0.61) x 39.8 (0.62) x 38.0 (0.96) x
42.1 (0.86) x 40.0 (1.46) x 41.7 (1.43) x 38.9 (1.37) x 4C.5 (0.80) x
43.3 43.9

« Excitation energies are in kK. The numbers in parentheses are the oscillator strengths calculated in the dipole length approximation, x and y indicate the
direction of the transition moment, and o-ir* denotes the nature of the transition.

TABLE Il:aGrand Canonical Configuration Interaction Spectrum for the Naphthalene Anion and Cation

Cation Anion
Cation and anion, P P P
PPP with nonneighbor without nonneighbor PPP with nonneighbor
CNDO/s resonance integrals resonance integrals resonance integrals CNDO/s
7.3 4.6 5.0 3.7 6.C
21.5 (0.20) X 20.9 (0.17) x 23.4 (0.19) x 15.7 (0.16) x 16.2 (0.16) X
22.1 a—(T*
24.2 T
32.6 (0.006) y 31.0 (0.02) y 25.7 (0.11) y 21.2 (0.10) y 22.1 (0.10) y
35.1 - 29.5 30.5
35.6 (0.22) vy 34.3 (0.02) y 36.5 (0.16) y 34.6 (0.13) vy 34.5 (0.14) y
33.3 (0.02) X 35.2 (0.20) x 36.8 (0.04) x 34.3 (0.26) x 34.3 (0.0006) X
42.9 43.4 39.0 36.2 T=(T
43.0 O 40.7 F<r
44.4 T 42.9
44.8 44.4 44.2
45.6 (1.92) X 44.9 (1.94) x 46.8 (1.88) x 44.4 (1.76) x 44.7 (1.841 X

4 Excitation energies are in kK. The numbers in parentheses are the oscillator strengths calculated in the dipole length approximation, x and .y indicate the
direction of the transition moment, and a--* denotes the nature of the transition.

ence between the CNDO/S calculations and the PPP cal-
culations with CNDO/S # parameters are small compared
to the difference obtained in the two different PPP calcu-
lations with and without inclusion of nonneighbor reso-
nance integrals. The tr-ir interaction is thus unimportant
in CNDO/S and'calculated differences between the anions
and cations are caused by reparameterization of the PPP
model.

No <=<7* type transitions were considered in the CNDO/
S calculational procedure. The configurational energy for
the lowest o-a* state was found to be more than 9 eV and
the considered frequency region is thus hardly expected to
be influenced by these transitions.

The main difference between the PPP and the CNDO/S
model is that CNDO/S includes symmetry forbidden <r-ir*
and ir-<7* transitions. The CNDO/S model reproduces the
main feature of the spectra of individual hydrocarbon rad-
ical ions but no definite advantage is obtained relative to
use a pure ir model.

The calculations have been carried out with a modified
version of QCPE program no. 174.15
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Simulation of Micelle Formation

Monte-Carlo Model of Micelle Formation
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A statistical molecular interpretation of micelle formation and the corresponding energy of nucléation
was made with the help of a Monte-Carlo model using a two-dimensional liquid lattice. With the help of
a computer program a phase transition is created which is applied to the formation of micelles. A consid-
eration of the fluctuations in this simulation allows the determination of local variations in density,
which are directly correlated with the energy and frequency of nucléation. Number ((Nn3y and weight
(<NWH average molecular sizes as function of the number of weighed-in monomers (per lattice) are calcu-
lated. In this connection a hysterisis loop of (Nw) is predicted corresponding to formation and decomposi-
tion of micelles. Finally, since the nucléation process of micelle formation may be considered as a coop-
erative phenomenon a quantitative relation between the cooperativity parameter and the energy of nu-

cléation is derived.

Introduction

The formation of micelles has been often treated with
the help of the so called “multiple equilibrium model”1'4
in which several types of particles from monomers to
nmers are considered. In many cases another possible ap-
proximate interpretation of micelle formation is to view
the micellization as a phase change since its thermody-
namical behavior resembles in many respects that of sys-
tems with two macroscopic homogeneous phases (see Dis-
cussion5). An indication for the phase concept is the
jump-like change of a measurable quantity which follows
the transformation in many aqueous and nonaqueous col-
loidal solutions.6 Furthermore vapor-pressure osmometric
and light-scattering measurements in nonaqueous solu-
tions of some ionic surfactants (Aerosol OT, AY, di-2-eth-
ylhexylphosphate sodium salt)7 indicate a considerable
monodispersion of the micellar phase. This finding is an
important hint with respect to the phase model. The ex-
perimental observations on nucleation in a series of non-
aqueous colloidal solutions below the critical micelle con-
centration (cmc) give additional evidence.

In a recent paper8 on the nucleation process in which
the phase model has been applied to the micelle forma-
tion of ionic surfactants in apolar media it was demon-
strated that the free energy change AG as a function of
the number of colloidal monomers n shows a maximum at
n = 3 (see Figure 1) corresponding to the existence of
premicellar aggregates and a minimum at n = 16 indicat-
ing the stability of the micelles under the experimental
conditions. It could be shown experimentally that this
micelle size is representative for a number of these surfac-
tants in apolar solvents. The maximum of AG(n) was as-
sumed to represent a potential barrier of the free energy
which has to be overcome by the surfactant molecules in
order to build up the micelle. The experimental observa-
tions of these premicellar aggregates (= subunits) below
the cmc could be correlated well with this potential bar-
rier and the corresponding aggregates have been interpret-
ed as nuclei. The size of the nuclei is given by the number
n of monomers corresponding to the maximum height of
the potential barrier which (in this picture) describes the
free energy of nucleation. The model permits an estima-
tion of the size of the micelle and of the micellar nucleus

and a determination of the free energy of formation of the
nucleus, which satisfactorily agrees with the above-men-
tioned experiments, e.g.. on Aerosol OT or AY in apolar
solvents.

The aim of this paper is to simulate a phase change
with the help of the Monte-Carlo method. This statistical
simulation based on simple model assumptions should
provide a simple approach to the molecular process of nu-
cleation and micellization consistent with available exper-
imental observations on ionic surfactants in apolar media.
Furthermore it should yield an explanation for the origin
of the energy necessary to overcome the above-mentioned
potential barrier which could not be given in ref 8.

It should be noted that the following procedure has not
been based on particular assumptions with respect to par-
ticle interactions as is often done910 and thus it is more
easily applicable to different physical processes originat-
ing from fluctuation phenomena.

Computer Experiment

(@) Physical Model. According to the statistical phe-
nomenon the model to be proposed should contain param-
eters to describe the frequency of collisions of monomers,
and subunits, and furthermore the probabilities for their
aggregation and decomposition. One suitable parameter,
AG, the amount of free energy necessary to overcome the
above-mentioned potential barrier is connected with the
local fluctuation AN in the concentration of particles.

Thus one has to find a relation between the fluctuations
AG and AN in a particular subsystem where a nucleation
or a micellation process is to be investigated. The mean
square of the fluctuation of the free energy can be calcu-
lated in the subsystem. Thus squaring and averaging AG
= VAP - TASyields

(AG2 = VA/AP) + TZAAS2 @)
where the mixed term on the right-hand side of eq 1 dis-
appears because of the independence of the fluctuations
AP and AS. In order to get a rough estimate of the order
of magnitude of the mean square fluctuations (AG2) and
its functional dependence on N, the following derivation is
based on the ideal gas Thus
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Figure 1. Variation of the free energy change AG (kcal mol-1)
as a function of the number of aggregating monomers n (see ref
8) atthe cmc 5 X TO~i M

(AG2 = ~ )7y + 1 (N)(kT)2 2

or

(AG2 = (N)(kT)2(™ + 1) = ® (NUT)1 (3)
From expression 3 the mean fluctuation (AG2)12 may be
obtained

(AG2 12 V6 kT(N)u2 ~ kT[TV - <wA12 4)
which shows the expected relation between the fluctua-
tions of the free energy and the number of particles within
the particular subvolume (V). In the frame of this rough
approximation the absolute amount of the mean free ener-
gy fluctuation with respect to 1 mol yields at room tem-
perature (AG2)1'2 kcal mol-1.

In contrast to the above thermodynamical fluctuation
treatment the Monte-Carlo model provides information
about a single event in a particular subvolume and at a
definite moment. Thus the connection between the num-
ber of particles and the free energy change (eq 4) can be
evaluated by sampling and averaging the single events. It
is tacitly assumed that the same proportionality exists be-
tween the free energy change and the number of particles
observed at a single event as between the corresponding
average magnitudes. Consequently the momentary value
of the free energy and particle fluctuations, AG* and (TV
- (TV)), respectively, are interrelated by

AG* = g(TV - (TV)) (%)

where s is a proportionality constant which depends ex-
plicitly on the type of the intermolecular interaction.

Now this fluctuation energy is available, if within the
fixed small volume a micelle or a colloidal nucleus is
being built up. In other words nuclei can only be formed if
a local excess of particles exists, whereas the subsequent
formation of micelles may even proceed with (TV- (TV) <
0, i.e., if the momentary number of particles TV is smaller
than the temporary mean value (TV).

The subvolume V may be interpreted physically as a re-
gion where the molecular interactions start to become re-
sponsible for aggregation or decomposition. To obtain
statements about the distribution of aggregates of definite
sizes in the solution, information on the probabilities of
formation and decomposition of aggregates is necessary.
Within the frame of the Monte-Carlo model this informa-
tion can be derived from a comparison between the free
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energy values AG(n) (describing the stability of different
colloidal aggregates) and the fluctuation energy AG*.

Suppose two aggregates a and b in solution with the as-
sociation numbers n and m are interacting with each
other in such a way that a redistribution of the number of
particles per aggregate is possible. With the assumption
that the interaction results in not more than two new ag-
gregates, the following cases are possible (m > n, [eeee] =
integer value)

a b
m+ n 0
m+ n—1 1

The free energy of formation of the new (redistributed)
aggregates (n',m') may be determined from the AG(n)
plot (see Figure 1), i.e.

AGfomelio, = AGin) + AG(m) - AG(n') - AG(mM') (6)

AG* is the upper limit of AGrormation and the number of
monomers in the new aggregates will comply with a prob-
ability distribution.

The Monte-Carlo program will thus be capable of mak-
ing a choice with respect to the redistribution of the num-
ber of monomers per aggregate (n‘,m' for two interacting
aggregates under the explicit consideration of the proba-
bilities of all possible distributions.

(6) Simulation of Micelle Formation in the Computer

Experiment. The Monte-Carlo method appears to be part-
iculary suited to realize the above proposed model of
aggregation, since its technique gives a direct imitation of
the physical behavior of the system. Since only equilibri-
um properties of the system will be investigated it was
unnecessary to apply the more elaborate molecular dy-
namical method.11

Essentially, the simulation has to fulfil three require-
ments: (1) a liquid solution with ™0 solvent molecules and
T colloidal monomers, (2) the Brownian motion (diffu-
sion), and (3) intermolecular interactions between the so-
lute particles. The liquid is modeled with the help of a
two-dimensional latticel2 represented by a X X A matrix.
The lattice sites are “filled” with the numbers 0 and 1,
where “zero” represents a solvent molecule, and “one” a
dissolved monomer. The distribution of these numbers
over the lattice is random, i.e., determined by a random
number R13 between 0 and 1. If the random number rang-
es between 0 < R < TW/(TVo + TVi), “zero” will be chosen,
and for TWO/(TVO + Ni) < R < 1 the lattice site will be oc-
cupied by 1. The matrix generated in this way will ap-
proximately contain AZTVi/(TVO + A'i) “ones” for large
values of X

Since a particular pair potential cf the intermolecular
interactions has not been considered in this model, the
Brownian motion and diffusion have explicitly to be simu-
lated in the Monte-Carlo program. In reality these mo-
tions would be a consequence of the particle interactions.
By simple means these diffusion processes, which are nec-
essary for the intermixing of the single matrix elements,
may be simulated in this two-dimensional lattice model.
Each element at a lattice site should be capable of inter-
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Figure 2. Two-dimensional matrix (/,/) as a model solution.
matrix is the subregion (k = 1) for which the fluctuations are
calculated.

changing with one of its four neighbors. The selection of a
neighboring site can then be made with the help of the
random number generator by dividing its interval 0,11
into four equal ranges. (It should be pointed out in this
connection that the sequence of selecting the matrix ele-
ments within the X2 sites should be random. The numeri-
cal experiments have shown, however, that a regular row
by row treatment leads to the same results.)

The procedure used to include the interaction between
solute particles is to permit neighboring aggregates to ex-
change particles. The redistribution is determined (see
section a) by the free energy difference AG' = AG* —
AGformation > 0. The momentary fluctuation AG* is cal-
culated in the simulation program by counting the num-
ber of particles around each lattice site a(i.j) (i.j -/ 0)
within a square subregion of the lattice. Figure 2. The
subregion contains the elements a(p.,v) where

H=i—ki—k+ 1...; ..;+ k
and

v=j~kij- k+ 1...,...) +k (7)
i.e., the (2k + 1)2 elements of the immediate neighbor-

hood of the central particle a(i.j). For the present the size
of this subregion, i.e., the value of the parameter k. has
not been fixed. It has to be determined by comparison
with experimental results. In the physical picture k can be
imagined to be the mean particle separation at the cmc.

The momentary occupation N in the subregion is the
sum of all lattice sites therein occupied by “1.” The mean
occupation is determined by the equation

AX
2k ir- 8
(N \os @ ir (8)
from which the momentary deviation N — (TV) may be

easily derived.

The dependence of the relative fluctuations of the num-
ber of particles on the parameter k may be evaluated from
the frequency distribution of the momentary deviations of
many subregions within the model solution. The standar-
ized frequency distribution of the relative particle fluctua-
tions (N - (N))/(N) (referring to the same number of
measurements) for k = 3, and k = 5 have been plotted in
Figure 3. The graph demonstrates by the narrowness of
the computer simulated distribution that large subregions
show comparatively less relative fluctuations than the
small regions. It should be mentioned that this well-
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Nk

Figure 3. Frequency distribution (f) of relative fluctuations: sub-
region k = 3(D) and k = 5(B). The mean relative fluctuations
corresponding to these k values are «A/V2)/(N)2)'"'2 =
[/-» " I(AIVIIN)2d (AW /(AN)_,* fd(SN/{N))Y'2 = 0.49 (k
= 3) and 0.26 (k = 5).

known fact is correctly simulated by the computer pro-
gram.

The inner loop of the iteration process within the simu-
lation program is responsible for the redistribution of the
number of particles within the aggregates (after the colli-
sion) which may increase or reduce the aggregation num-
ber of monomers per lattice site. Since the selection of a
redistribution is determined by the free energy difference

AG/ = AG* — AGformation U = 1... (tU + «)/2)

these [(m + n)/2] energy values are calculated for each
central particle of a subregion, using the AG(aggregation
number) values (see eq 6) derived from Figure 1. Among
the | positive energy values AG/ one value is chosen with
the help of a random number R. To be sure that this fre-
quently repeated selection leads to a Boltzmann distribu-
tion the interval 0,11 of the random number generator
will be divided into | subintervals determined by the in-
tersections pk (k = 1 ... 1 — 1) which can be calculated
according to

pk = T rexpiAGiVAD/EexpiAGi/im (9)
1= L /=i

Pk ~ Pk-1= exp(AGK/KT)/"2(AG,/KT)
1=

If the random number falls in one of these subintervals
Pk-i < R < Pk, the choice is made in favor of the kth dis-
tribution.

Efficiency of the Monte-Carlo Model

The results of the computer experiment are shown in
Figures 5-8. In Figure 5 weight and number averages of
particle size have been plotted linearly against the num-
ber of weighed-in monomers. The curve corresponding to
(Nw) shows a typical run of a micelle forming system. The
steepness of the transition region of the plot depends on
the extent of the fluctuation in the subsystem as indicated
by the parameter s (see eq 5). Thus the smaller the fluc-
tuation the steeper the transition from monomers to mi-
celles due to the energy necessary to form a nucleus. The
variation of this parameter is demonstrated in Figure 6. s
may be thought to change with temperature as can be
seen from eq 4 since it was assumed that the proportional-
ity constants between the mean fluctuation of the free en-
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Figure 4. Flow chart of the Monte-Carlo program: R = random
number, all the other symbols are explained in the text.

B

50 100 wn 15D 20

Figure 5. Weight (O) and number (m) average particle size as
a function of the number of weighed-in monomers (Wm). M is
given in monomer units: s = 0.5 (see eq 5 and text), k = 3.

ergy and the number of particles are the same as for the
momentary values.

The lower curve in Figure 5 shows the plot of the num-
ber average (N,) particle size against the number of
weighed-in monomers. The graph ((AT,)) appears to be
rather flat in the concentration region considered in this
figure. The plot should show (in principle) the same cur-
vature as ("MW but at considerably higher weighed-in con-
centrations since a sharp phase change was assumed. An
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20 25 lgw, 30 B

Figure 6. Weight (O.A.D) and number (*, o .m) average parti-
cle size as a function of the logarithm of weighed-in monomers
(log Wm). M in monomer units: s = 0.5 (O.#), 1.0 (A,A), 2.0
(O,m), k = 3 (see eq 5 and text).

Figure 7. Number (v) of monomers (A,*) and of all particles
(A,0) vs. number of weighed-in monomers (Wm): s = 0.5
(O,#), 2.0 (A,A) k = 3 (see eq 5 and text).

|
5

% % gw 30 €3 40

Figure 8. Weight average particle size vs. the logarithm of num-
ber of weighed-in monomers (log Wm). All values refer to a
constant time interval after changing the monomer concentra-
tion: s = 1.0 and k = 3 (see eq 5 and text).

application of the so-called “multiple equilibrium” would
automatically shift the transition region of (Nn) to lower
weighed-in concentrations, i.e., near to the (Nw) transition
region as found, for example, in a paper by Corkill, et al.A
The parameter k which was introduced to describe the
size of the “subvolume” of this two-dimensional model so-
lution has been kept constant in the present results. Phys-
ically, the parameter k describes the region of interaction
between the particles (monomers and/or aggregates).
Strictly speaking it is a mean interaction distance since
this range increases with the size of the colloidal particle.
According to Figure 3 larger k values correspond to a
sharper distribution of the momentary fluctuations, i.e.,
the momentary fluctuations are more nearly equal to the
mean fluctuations. Thus at large values of the parameter
k the mean fluctuations determine the nucleation process,
whereas at low k values the broad distribution curve indi-
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cates that a number of molecules possess enough energy
on account of intense momentary fluctuations to form a
nucleus. In the first case the proportionality constant s
will consequently influence only the level of the mean
fluctuation. The steepness of the transition region (be-
tween monomers and micelles) is therefore not expected
to be changed. In contrast to the first case, s determines
in the second instance the distribution of molecules sup-
plied with sufficient energy to build up nuclei. This re-
sults in a change of the steepness of the transition region
as is actually observed (see Figure 6).

A plot of the number of particles against the number of
weighed-in monomers (Figure 7) for two values of the pa-
rameter s shows an interesting detail. The curves (O =
monomers, = = all particles) corresponding to the smaller
s value (less fluctuations) possess at VAN ~ 500 significant
maxima in the number of particles Q. Due to the small
fluctuations, only a few molecules can be supplied with
sufficient energy to form a micellar nucleus. This leads to
an accumulation of monomers as was to be expected. The
limiting slopes of the (Nw) curves are determined by the
final sizes of the aggregates, i.e., 16 monomeric particles.

An additional supersaturation-like behavior may be de-
rived from Figure 6 where the (Nw>curve corresponding to
the lowest s value tends to flatten after a jump-like in-
crease of M. The less steep part of the curve is due to the
increasing amount of micelles in the solution. At large
numbers of weighed-in monomers the (/Vw) curves must
tend to the limit M = 16. These observations have been
experimentally verified with a number of ionic surfactants
in apolar solvents.6 Finally, a computer experiment has
been performed with respect to possible Kkinetic experi-
ments which demonstrates the appearance of a hysteresis
loop while building up and decomposing the micelles
(Figure 8). The weighed-in concentration of monomers
was stepwise increased (or decreased, respectively) and
the apparent molecular weight, which occured after a def-
inite time interval, calculated and plotted. This procedure
does not lead to an equilibrium distribution. However, the
graph may indicate that the rates of composition and de-
composition of a micelle are different due to the assump-
tion that the micelle formation has been based on a nu-
cleation process in this model (see Figure 1and ref 8).

Statistical Interpretation of Cooperativity
It should be mentioned, however, that in particular the
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curves of Figure 6 may be interpreted in a different way.
They could be regarded as describing the difficulty of
overcoming a potential barrier in forming a micellar nu-
cleus. This aspect of the problem leads to the conception
of a cooperative phenomena (see Figure 1 and ref 14), i.e.,
the formation of a nucleus is more difficult than its subse-
guent growth to a micelle.

The cooperativity parameter a which serves as a mea-
sure for the difficulty of the initial step of a process com-
pared with those following is a number between 0 and 1.15
It seems possible, however, to relate the parameter s.
which was introduced in eq 5 as a proportionality constant
to n. Thus the relation

seAisie = In i/a (10)

would conform to the meaning of a. s'1l and ,s2' are. re-
spectively, arbitrary reference values (1) and any value
between zero and infinity (2). The s values given in Figure
6 correspond to the three cooperativity parameters 0.136.
0.368, and 0.607, respectively. The relation given in eq 10,
therefore, permits simple interpretation of a as a measure
of the difficulty in overcoming the potential barrier in the
micellation process.

Preliminary testing of the Monte-Carlo program was
carried out on a PDP 9 computer. The final results were
obtained with a CDC 3200 and a UNIVAC 1108 computer
at the computing center of the University of Basel.
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The diffusion coefficients of eifiht heptane isomers in He were measured by the chromatographic broad-
ening technique. As was the case with octane isomers, it was found that the diffusion coefficient in-
creased with branching. The diffusion trend can be explained, at least in a qualitative manner by Gid-
dings’ shielding theory. It was found that the number and position of methyl groups greatly influence the
magnitude of the diffusion coefficient. Group diffusion values calculated from the methyl groups agreed
with previous calculation. Also, a relationship between diffusion coefficients and cr.tical volumes was
found. The relationship is similar to that obtained for octane isomers. The physical .mportance of that
phenomenon is not yet clear. However, it can be used in estimating critical values from diifusion data.

The study of mass transport phenomena, molecular in-
teractions, and the physical parameters describing molec-
ular geometry all can be aided by the accurate determina-
tion of the diffusion coefficients of the molecules. In order
to predict accurate values of these diffusion coefficients
many theoretical approaches have been tried.1-3

Most of the success of these estimating equations,
whether founded on theory or empirically determined, has
been with small molecules. This is because most of the
theoretical estimating methods as well as some of the em-
pirical methods are firmly couched in a spherical model of
the molecule. Both the “hard sphere, elastic collision”
model and the Chapman-Enskog theory with various in
termolecular interaction parameters depend upon spheri-
cal geometry and force field assumptions to yield reason-
able results. Other models are available such as the rough
sphere model by Bryan,4 the loaded sphere, and the
spherocylindrical model by Dahler. et al..5g and the rigid
ovaloids model proposed by Ishida.9 These models proba-
bly describe polyatomic molecules more realistically than
the spherical models. These models, however, are often so
complex that meaningful computations of molecular in-
teraction parameters are intractable. In some cases, cross-
sectional collisional integrals are not available for calcula-
tions.

Due to these difficulties, relatively little work has been
done on large molecules. Some of the work done up to now
on polyatomic molecules is by Watts.10 14 Haung,15 Hum-
pheys and Mills.16 and Wakeham and Slater.17 These
workers center little attention on molecular geometry.
Little work appears on the effect of structural isomerism
on diffusion. Fuller, Ensley, and Giddings,18 Grushka and
Maynard,19 and Vandensteendam and Piekarski20 have
focussed attention on the effects of molecular geometry on
diffusion using the chromatographic methods.

There has been some confusion on the effects of struc-
tural isomerism on the diffusion. Ubbelhode’s work21-2
shows some inconsistencies. Lugg,23 Haung.15 and
Watts14 show more confusion about the effects of branch-
ing on diffusion. These inconsistencies are discussed in
detail by Grushka and Maynard.19

The exact nature of the geometric contributions to dif-
fusion is difficult to determine although insights can be
obtained experimentally as evidenced by Grushka and
Maynard’s study on the effect of branching on octane iso-
mers' diffusion coefficients.19 This work is a continuation
of that preliminary study. It is the purpose of this work to
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establish whether or not geometric factors contribute in a
predictable manner to diffusion coeffic.ents. For this pur-
pose, the diffusion of heptane isomers in He was mea-
sured. In addition. Hirschfelder, Curtiss, and Bird24 have
suggested that the Lennard-Jones 6-12 interaction param-
eters ((, € could be extracted from accurate diffusion
data. Binary diffusion would be the transport phenome-
non of choice for the determination of <and a because to a
first approximation heteromolecular interactions are the
only ones that occur as opposed to other transport phe-
nomena (thermal conductivity, viscosity, etc.) which have
large homomolecular interactions.

The diffusion measurements were done using the chro-
matographic method as suggested by Giddings25 and im-
proved by Grushka and Maynard.19 The chromatographic
method, in general, was recently reviewed by Maynard
and Grushka.26

The mathematical correlations between chromatograph-
ic zone width and diffusion coefficients follow. The mass

balance equation describing the solute dispersion in a
fully developed laminar How is given by
) 'in- I 0( ic\1 39/ fimY-|
ot u + 2r Il o J
d- "m» + rd ra?)\ i)
(n

v is the cross-sectional coverage velocity, ro is the radius
of the tubing, t is time, x is the axial coordinate, and c is
the concentration of the organic vapor solute. This equa-
tion is rigorously correct for a straight tube. However, in a
coiled tube where the ratio of the coil radius to the tube is
very large, secondary flow phenomena are unimportant
and eq 1can be utilized. The boundary conditions for the
system are no mass transport of solute through the walls
of the column, and the radial concentration gradient is
zero at the center of the tube. The initial conditions are
injection profile in the form of a delta function and ¢ = 0
at t = 0. The solution to this equation is given by

~n.,r ¥

) ex
ent. = L- P snmt L .

cevt/Li-

I. is the length of the column and A is a constant related
to the initial c. and D,.tt is the effective dispersion coeffi-
cient given by27

U = DA T (r, T 48D\nh) 3)

The modified gaussian given by ec 2 tends to a pure
gaussian as becomes small.28 The variance (in
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TABLE I: Diffusion Coefficients (cm2 sec) of Heptane Isomers in He at 100.0 = 0.10° and at 760 mm

Compound

n-Heptane

3-Methylhexane (3MH)
2-Methylhexane (2MH)
2,4-Dimethylpentane (2,4ADMP)
2,2-Dimethylpentane (2,2DMP)
2,3-Dimethylpentane (2,3DMP)
3,3-Dimethylpentane (3,3DMP)
2,2,3-Trimethylbutane (2,2,3TMB)

° Diffusion coefficients are corrected to 1 atm pressure.

length units) is given by

In chromatographic theory, the plate height H. is defined
as

H = a2l (5)

It is evident upon substitution of eq 5 into 4 and rear-
rangement that

Dab = (fj[H * TH2- r2/3] (6)

Since H, v, and r0 are experimentally obtained variables,
the diffusion coefficient can be calculated from the chro-
matogram. Possible sources of errors and their elimination
were discussed elsewhere.19

Experimental Section

Apparatus. The apparatus was similar to that described
by Grushka and Maynard.19 Temperature gradients were
held to <0.2° and the temperature at any point was held
at +0.1°. The column used was 316 stainless steel with a
radius of 0.270 + 0.002 cm i.d. and a length of 3051.1 cm.
The injection system and oven were identical with that
used by Grushka and Maynard19 except that a precision
bearing assembly was installed to maintain a uniform fan
speed throughout the analysis time.

The data system was controlled by a sequencer of novel
design described by Schnipelsky, Solsky, and Grushka.2

Reagents. The solutes studied, purchased from Chemi-
cal Samples Co., were (a) n-heptane (99.9%), (b) 2-meth-
ylhexane (99%), (c) 3-methylhexane (99%), (d) 2,2-di-
methylpentane (99.9%), (e) 2,3-dimethylpentane (99.9%),
(f) 2,4-dimethylpentane (99.9%), (g) 3,3-dimethylpentane
(99%), and (h) 2,2,3-trimethylbutane (99.9%). The meth-
ane used was Matheson high purity (99.97% pure). The
carrier gas was commercially available Grade A helium
cried through a molecular sieve and preheated. Air used
for the flame ionization detector was dried over Drierite
and through a molecular sieve.

Procedure. The sequencer activated the injection and
started the timing sequence of the sequencer. A punch
and a digitizer were activated by the sequencer at a pre-
determined time interval from the injection point. At the
end of a run the punch and digitizer were turned off and
another injection was made. At least ten runs were col-
lected for each diffusion determination. The carrier veloc-
ity was about 2 cm/sec. The retention time of the solutes
was about 1500 sec.

Results and Discussion

Approximately 300 points were taken in the central por-
tion of the peak. Between 50 and 100 points were taken on

Bp, CC £ ab" Relative deviation. £
98.42 0.3544 0.62
92.0 0.3586 0.36
90.0 0.3626 0.54
80.5 0.3635 0.27
79.20 0.3720 0.11
89.8 0.3758 0.61
86.06 0.3843 0.59
80.9 0.3858 0.32

either side of the peak. These points were used to estab-
lish the baseline and correct for any drift which might
have occurred. The overall accuracy of the system and the
data treatment were discussed before.19 Only the diffusion
coefficients obtained by least squares, fitting a Gaussian
to the experimental data, are given in the paper.

In order to test the reproducibility of the system we ex-
amined the diffusion of methane in He at 100°. The DAB
value was 1.002 + 0.005 cm2/sec. Previous valuesl9 were
1.000 + 0.003 cm2sec at 1.5 cm/sec and 1.006 * 0.007
cm2/sec at 3.0 cm/sec. The agreement is well within the
experimental error.

Diffusion of Heptane Isomers in He. The data for the
heptane isomers were obtained from at least 10 replicate
runs for each isomer. Data points were eliminated only
when they fell outside the requirements for a student “t“
test at the 95% confidence interval. At no time were more
than two points eliminated. The diffusion coefficients of
eight heptane isomers in He are shown in Table I. The
value of DAB obtained for heptane is in good agreement
with that of Vandensteendam and Piekarski.20 The excel-
lent precision should be noted. It is comparable to our
previous study.19

As with the octane isomers,19 as the branching of the
molecules increases, so does the diffusion coefficient. In
order to confirm the order of diffusion coefficients of 2-
methylhexane and 3-methylhexane. the measurements
were repeated. The coefficients obtained were the same
(within experimental error) for each of the isomers. Thus,
it is seen that DAB for 2-methylhexane is. indeed, larger
than that of 3-methylhexane. An explanation of this will
be given shortly.

In Table 1 the boiling points of the various isomers are
also given. No exact correlation can be found between the
diffusion coefficients and the boiling points although in
general an inverse relationship exists. This indicates that
estimating equations using boiling points such as suggest-
ed by Arnold3should be used with caution.

An explanation of the order of diffusion coefficient of 2-
methylhexane and 3-methylhexane can perhaps be ex-
plained by using Giddingsi8 shielding theory. Space filling
models of these molecules clearly demonstrate that the
longer straight chain portion of the 2-methylhexane (j.e..
n-butyl) can be more effective in shielding the methyl
side group than the 3-methylhexane straight chain U.e..
n-propyl) portion. The result is that the methyl group of
the 2-methylhexane contributes less to the diffusion vol-
ume of the molecules. These two isomers, however, do not
present a simple picture. Alternatively to the above dis-
cussion the following can be made. Because of its proximi-
ty to the end of the chain the methyl in the 2-methylhex-
ane shields a smaller portion of straight chain than the
methyl group on the other isomer. This would seem to
give a diffusion order which is reversed to that found ex-
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Figure 1. Relationship between diffusion coefficients and critical
volumes.

perimentally. At this point all we can say is that the ex-
perimental values coupled with space filling models indi-
cate perhaps that the first of the two explanations is the
most plausible.

It is interesting to note that with the heptanes, as well
as the octanes,19 the diffusion coefficients of the 2,4-di-
methylaikane are smaller than either the 2,3-dimethylalk-
ane or 2,2-dimethylalkane. In fact, Table 1 indicates that
as the two methyl side groups are closer together the dif-
fusion coefficients increase. In terms of the Giddings’
shielding theoryl8 it can be said that when the two methyl
groups are close, the linear portions of the molecule shield
the two methyl groups more effectively, thus reducing
their contribution to the diffusion coefficient. The diffu-
sion coefficient of the 3,3-dimethylpentane is the highest
of any other dimethylpentane. Perhaps, an explanation
lies in the fact that the two ethyl groups (on either side of
the molecule center where the methyls are located) can be
quite effective in shielding. Using space filling molecular
models, it is easily seen that the 3,3-dimethylpentane can
assume a more compact form than any of the other di-
methylpentanes. Another important point is the shielding
of one methyl group by the other. As the two groups get
closer together the mutual shielding becomes more effec-
tive.

The diffusion values of the 3,3-dimethylpentane and the
2.2,3-trimethylbutane are rather close. The two isomers
have roughly the same molecular dimensions.

In Table Il the group diffusion volumes for the methyl
groups are given for all the branched isomers. The method
of calculation of the group diffusion volumes and their im-
portance are described elsewhere.19 Again, it is noticed
that the methyl group diffusion volume is dependent on
the position and number of the methyl units.

We assumed that with dimethyl or trimethyl isomers
the diffusion volume of each methyl unit in an isomer is
equivalent. Most likely, this assumption is invalid. Never-
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TABLE II: Group Diffusion Volumes of CH3Groups

Vch3 cm3
Compound tof each methyl group)
3MH 25.79
2MH 23.16
2,4ADMP 21.19
2,2DMP 19.32
2.3DMP 18.00
3.3DMP 14.57
2,2,3TMB 16.23

theless, we shall use this value as a first approximation.
With the octane isomers some of the diffusion volumes for
each CH3 group werel9 3-methylheptane. 26.2 cm3; 2,4-
dimethvlheptane, 24.2 cm3; 2,3-dimethylhexane, 205
cm3; and 2,2,4-trimethylpentane, 18.7 cm3. From Table Il
we see that for the same group position in the heptane
isomers the diffusion volumes of the methyl groups are
roughly in 10% agreement. Note, however, that the CH3
diffusion volume contribution of the 2,2,3-trimethylbutane
is larger than that of 3,3-dimethylpentane. This observa-
tion might indicate, as mentioned before, the more pro-
nounced shielding effect of the ethyl group on either side
of the center of the dimethylpentane isomer. It is stressed
at this point that the above arguments remain only specu-
lation, and must be checked with additional systems.

The above arguments give support to Giddings’
shielding theory and give hope that numerical values for
shielding constants can be derived frcm the data.

Relationship to Critical Volume It was observed pre-
viously19 that a linear relationship exists between the dif-
fusion coefficients and the critical volumes of the octane
isomers. Figure 1 shows the relationship between the two
parameters for the eight heptane isomers. For 2-methyl-
hexane we found two confuting critical volumes: 42031 and
428.2 The value of 420 was chosen in fitting the data to a
straight line. Not included in the fitting was the critical
volume of 3,3-dimethylpentane, since that value, obtained
from ref 2, is calculated from an estimating equation. In
fact, Figure 1 might indicate that the estimated critical
volume of 3.3-dimethylpentane is too large and a smaller
volume is more realistic. A similar observation was made
with one of the octane isomers.19 Plots such as Figure 1
can aid, then, in a better estimation of critical values, at
least in some cases.

The slope of the line is -0.558. The correlation coeffi-
cient is 0.884. With our octane isomer data, the slope of
the line was -0.613. The two values are within 10%. At
this point, we do not know if the slope of the line has any
physical significance other than being a fitting parameter.
We did not try to fit other curves to the data.

Summary

The data presented here, together with the octane
data,19 indicate definite trends in the behavior of the dif-
fusion coefficients. It seems that as the molecular branch-
ing increases so does the diffusion coefficient. The
shielding theory of Giddingsi8 can. at least in a qualita-
tive manner, explain this trend. This is particularly so
since the position of the side group in the molecule can
have a marked effect on the diffusion coefficient.

The concept of group diffusion volumes can be valid,
and it can be utilized in the F.S.G. estimating equation.18
However, additional data are needed to get more reliable
values for the group contribution in terms of their number
and position. Also, a relationship seems to exist between
critical volumes and diffusion data.
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Since diffusion coefficients can be utilized in obtaining
intermolecular forces, we are now engaged in studying the
temperature dependence of Dab- This data, to appear in a
subsequent publication, will deal with parameters such as
collision cross section and potential well depth.
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A recent theory by Onsager and Provencher which includes the effects of ion association on the relaxa-
tion of the ionic atmosphere in electrolytic solutions has been confirmed by capacitance and conductance
measurements of solutions of ;-AnNuNNOs in 1l-octanol and 1,2-dichloroethane. This theory supplants the

classical treatment by Debye and Falkenhagen and has some significant consequences:

it allows one tc

determine the rates of ion association and dissociation for rates from 0.05 to 1 times the diffusion-con-
trolled rate by capacitance measurements; and it modifies the limiting slope, SA, in the Onsager expres-
sion for equivalent ionic conductance. The dissociation constant for ;-AnuNNOs in l-octanol at 25° was

2.86 x 10-®M.

Subsequent to earlier work by Gilkerson,lc Onsager and
Provencher (OP) have derived a theory2 according to
which the relaxation of an ionic atmosphere is speeded up
by the presence of ion pairs, because the association-dis-
sociation of the ions provides an additional relaxation
mechanism. This theory has far-reaching consequences for
the prediction of interionic effects on irreversible pro-
cesses in electrolytic solutions whenever ion pairs are
present. It is no longer sufficient merely to know the ionic
strength (/); one must also know the rate constant (kR) for
the association of the free ions. Thus, in the presence of
ion pairs, the limiting slope SA in the expression for the
equivalent ionic conductance,3 A = A0 —S.yl12, may not
be set equal to the Onsager limiting slope for a strong
electrolyte. As a consequence, all conductometric ion-pair
association constants calculated using the interionic at-
traction theory in the traditional way should be at least
somewhat in error.

It is clearly desirable to test the OP theory.2 That is
best done by isolating the interionic effects and measuring

them as directly as possible. We report here a study of
both the conductance and capacitance of tetraisoamylam-
monium nitrate (i-AnuNNOSs) in 1-octanol which, in con-
junction with similar data for 1,2-dichloroethane (DCE),4
confirms the theory.

The test of the OP theory depends primarily on the
measurement of the capacitance; the conductance is used
mainly to obtain the ion-pair dissociation constant. The
specific capacitance of an electolytic solution differs from
that of the pure solvent owing to (a) electric dipoles of the
ion pairs and noncentric free ions; (b) “freezing” of sol-
vent dipoles by the electrolyte;5 and (c) the 90° out-of-
phase component of the ionic conductance. It will now be
shown that under our conditions, a and b are small com-
pared to c.

Measurements were made at electrolyte concentrations
ranging up to 25 x 104 F, corresponding to ionic
strengths up to 7.5 x 10“5 M. The static permittivity (to)
of 1-octanol at 25° is 9.88. Assuming the dipole moment of
i-AM4NNO3 ion pairs to be 14.3 D (same as in chloroben-
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Figure 1. Experimental change in permittivity (Ac/co) of i-
ATIANNO3 in 1-octanol plotted as a function of the square root
of the ionic strength. Solid lines are predicted by the DF theory
(p = 0.0) and the OP theory (p = 0.31).

zened), the change in static permittivity Ac owing to a is 6
X 10-3 at the highest concentration. Ac owing to b is
about -3 X 10-3, estimated roughly from data at high
frequencies for strong electrolytes in methanol.5 By con-
trast, Ac owing to c is predicted by the OP theory to be in
the range 0.03-0.09, depending on the value of kn. In the
following, effects a and b will therefore be neglected.

The maximum value of Ac predicted by the OP theory,
for the case that either fea = 0 or the free-ion fraction 7 is
unity, corresponds to that predicted by the classical
Debye-Falkenhagen (DF) theory6-7 (which does not allow
for ion association). As fta increases toward the diffusion-
controlled limit, Ac drops to 0.340 times the maximum
value. A complete test of the OP theory would require in-
dependent knowledge of ka. Our test consists of showing
that when 7 is small, Ac is distinctly smaller than pre-
dicted by the DF theory and can be reproduced by the OP
theory with a plausible assumed value for ka. Moreover,
as 7 approaches unit, Ac approaches the value predicted
by the DF theory. The frequency dependence of Ac,
though measured with low accuracy, conforms to that pre-
dicted by the OP theory.

Ac in I-()ctanol. In this section we let Ac,, denote the
change in permittivity at angular frequency 2wf = w. We
shall continue to use Ac to denote the limit of Ac,. as w —»
0.

A general expression for \tw has been given by Onsager
and Provencher.2-8 However, when 7 is small, the general
and rather complicated expression reduces simply to (1),
with parameters as defined in 2-6.

Ac,, _ 7.002 X 105V2(1 + g\ + y- - fI~R)
B (t,T?22aR([| —OF + ay)

a= 12+ p - (2)

p=kjA = W(I-130 x 101A,) ©)

Yy = wesoa (4)

T= cO47rLeu = 885 X 10 14,//, (5)

R=1+ JA+ y1l (6)

Here A is the theoretical rate constant for the diffusion-
controlled combination of opposite univalent point charg-
es; t is the Maxwell relaxation time for the ionic atmo-
sphere (r neglects relaxation by the association-dissocia-
tion mechanism); and Lesu or L is the conductivity of the
electrolytic solution, in esu cm' 1 or siemens cm 1, re-
spectively. According to graphs given by OP. eq 1 is a use-
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Figure 2. Experimental dispersion of the change in permittivity
(Acu,/c0) of /-Am4NNO3 in 1-octanol as a function of frequency.
Circles and solid lines are experimental and predicted values
(DF and OP theories) for 4.84 X 10~5 F solution. Crosses and
dotted lines are for 7.416 X 10'5F solution.

Figure 3. Experimental change in permittivity (Ac/c0) of /-
Am4NNO3 in DCE plotted as a function of the square root of the
ionic strength. Solid lines are predicted by the DF theory (p =
0.0) and the OP theory (p = 0.31).

ful approximation even when 7 is as high as 0.5, and thus
should apply to our data in 1-octanol.

Our results for i-An~NNOs in 1-octanol are plotted in
Figures 1 and 2. Figure 1 shows At vs. FL 2, as well as the-
oretical curves for p = 0.3 and p = 0.0. Figure 2 shows
At«, vs. log w for two selected concentrations, as well as
theoretical curves for p = 0.3 and p = 0.0. The fit of the
OP theory with p = 0.3 is quite satisfactory and clearly
superior to that of the DF theory (p = 0.0). At higher
ionic strengths, the fit of Atm vs. log s is less impressive,
especially at frequencies below 10 kHz. probably due to
double-layer effects.

Ac in 1,2-Dichloroethane. Results for i-Am4NNO3 in
DCE at 25° reported by Effio and Grunwald,4 are inter-
preted in terms of the OP theory in Figure 3. (The re-
quired values of 7 are calculated using an ion-pair disso-
ciation constant reported by Tucker and Kraus.)9 Since 7
under these conditions varies between 0.93 and 0.76, eq 1
does not apply and the prediction of Ac is based on graphs
given by Onsager and Provencher.2 A theoretical curve is
shown for p = 0.3 as well as the straight line predicted for
p = 0.0. The experimental points have considerable scat-
ter but suggest that p is intermediate between 0.0 and 0.3.

Conductivity in I-Octanol. The conductivity of i-
Am4NNO3 in 1-octanol was measured at 25° in the con-



Vaporization of Reactive Salts

centration range from 6 x 10“7 to 2.5 x 10 4. The data
were first treated by the method of Fuoss and Kraus,10
with a conventional Onsager limiting slope. Results are
Kd = 2.81 x 10~5, A0 = 4.03, and SA = 40.45. These re-
sults permitted preliminary estimates of the ionic
strength for the examination of At and led to ix = 0.3. Re-
calculation on the basis of the OP theory, using fi = 0.3,
then led to Kd = 2.86 x 105, A0 = 4.01, and SA = 38.35.
In this case the effect of neglecting the ionic association
on Kd and AO is tolerably small, considering the experi-
mental error.

Association-Dissociation Behavior of i-AMANNU3. The
dissociation constant of 2.86 x 105 obtained in 1-octanol
may be compared with the value of 1.20 x 10 4 reported9
in the nearly isodielectric solvent DCE. However, as
pointed out by Denison and Ramsey,1l ion-pair dissocia-
tion constants for quaternary ammonium salts in DCE are
about an order of magnitude greater than one might ex-
pect on the basis of the macroscopic permittivity, perhaps
because solvent molecules near the ions can assume the
more polar gauche conformation. Thus the value obtained
in 1-octanol appears to be “normal.”

If the OP theory can be accepted, then the parameter
permits evaluation of the rate constant kR for ionic associ-
ation (eq 3). Using x = 0.31, ka is thus found to be 1.43 x
109 sec-1 M~afor i-AmiN1 + NO3~ in 1-octanol at 25°.
From this value and that obtained for Kd, we then find
that the rate constant kd for ion-pair dissociation in this
system is 4.09 x 104sec-1 at 25°.

From a broader point of view, these results indicate
that the measurement of At provides a convenient method
for measuring rate constants for ionic association. Roughly
speaking, the range of A& in which quantitative results can
be obtained for ka is 0.05-1.0. However, there are experi-
mental constraints. In particular, it is desirable to have a
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fairly viscous medium so that the ionic conductivity i
small even at moderate ionic strengths. 1-Octanol is a
good choice in this respect; its viscosity coefficient, r =
0.076 at 25°, about ten times that of water.

[

Experimental Section

;-AMINNOs was prepared as described in ref 4. 1-Octa-
nol was twice distilled under reduced pressure with a head
temperature of about 100°. Center fractions were collected
each time and stored in the dark under N2. Solutions were
prepared by weighing samples of the salt and solvent,
using a drybox.

Capacitance and conductance measurements were done
as described in ref4.
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Tang and Fenn have recently reported that single crystal ammonium perchlorate vaporized into two
molecules, ammonia and perchloric acid. Their results with compressed perchlorate powder indicated
decomposition into several species. By a change in their experimental arrangement we have shown that
pressed ammonium perchlorate and monofluoroammonium trifluoromethylsulfonate also undergo simple
two species vaporization without decomposition. Our results with the latter material also constitute ad-

ditional evidence for the existence of H2NF.

Introduction

The vaporization of salts at low pressures in a molecular
beam apparatus has been used by Tang, et al.,2 and Tang
and Fenn3 for the identification of the species subliming
from a solid. In their experiments base heating was used

so that there was a decreasing temperature gradient, from
the bulk to the surface. In this arrangement the vapors
from pressed powder samples of ammonium perchlorate
(AP) apparently reacted before leaving the sample and
did not give a velocity spectrum corresponding to two
species formation as obtained from a single crystal. The
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Figure 1. Oscilloscope traces of velocity distribution, mass vs.
arrival time, for (a) NH4cI104, (b) [FNH3][CF3503], (c) NH4Br.

spectrum obtained indicated a mixture of low molecular
weight compounds. To demonstrate that this was truly
due to reaction within the pores, as suggested in ref 3, and
to simulate more closely solid propellant combustion con-
ditions, experiments with powdered AP were undertaken
using surface heating. The technique was then extended
to the study of monofluoroammonium trifloromethvlsulfo-
nate [FNH3]+[CF3S03]_, 1,4 to determine whether addi-
tional evidence for the existence of H2NF could be ob-
tained.

The background for earlier studies on AP vaporization
has been reviewed by Tang and Fenn.3 In a recent review5
of the decade of effort on oxidizer chemistry, 1955-1965,
involving much research on NF chemistry, no mention
was made of H2NF although the related compounds HNF2
and NF3 were discussed fully. Colburn6 also has noted
that monofluoroamine has not been characterized. Earlier
Ruff7 and Schmeisser and Sartori8 claimed evidence for
the existence of H2NF based on the products obtained on
the electrolysis of ammonia-ammonium fluoride mixtures
and of ammonium fluoride, respectively. Ruff presented
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Figure 2. Normalized signal (signal intenslty/maximum signal
intensity) vs. relative arrival time (time/time of maximum sig-
nal).

evidence for the existence of H2NF but the characteriza-
tion was incomplete. However, both agree that the sub-
stance prepared was unstable and hazardous. Later work
on the electrolysis, reviewed in ref 5, gave no evidence for
H2NF although more modern techniques of separation
and identification were used.

Since the work of Tang and Fenn established the two
species vaporization of some ammonium salts it was hy-
pothesized that the sublimation of | would either be mo-
lecular or dissociative. The latter would lead to H2NF in
the vapor phase. lonic dissociation into H3NF+ and
CF3SCT was ruled out because of the expectation that
H2NF would be of lower basicity than NH3 in view of the
following order of basicities deduced from the known
chemistry of the related molecules: NH3 > (H2NF) >
HNF2 > NF3. No salts of proton acids have been reported
for HNF2 and NF3. In addition, the latter is reported to
show only weak association with strong acids, such as
BF3.9 In the mass spectrum of 1,4 H2HF+ is the primary
N,F containing ion and H3NF+ was not present. H2NF+
could be either the primary ion from electron impact with
H2NF or a fragment from dissociative ionization of I. It
seemed likely that TOF measurements could distinguish
between these two possibilities.

The major change in the experimental arrangement of
Tang and Fenn3 was the provision for radiative surface
heating. Otherwise the technique and data reduction were
as they described. The present experiment consisted in
vaporizing a material from a pressed (10,000 psi) pellet, 3
to 4 mm by 10 mm, whose surface was heated by a fo-
cused iodine vapor lamp. The vapor passed through a col-
limating slit (2 mm), a chopper, a second collimating slit
(4 mm). A Bayard-Alpert flow-through ionization detec-
tor, located 42.5 cm from the chopper, recorded the num-
ber density of molecules arriving as a function of time.
Time zero was obtained from a photccell exposed to a
light when the chopper wheel was in the “open” position.
The general procedure was tested by time-of-flight (TOF)
measurements with ammonium bromide. Two peaks were
obtained corresponding to NH3 and HBr, Figure Ic. In
order to determine the amount of decomposition during
surface heating, experiments were made with pellets of
compressed AP powder. The results (Figure la) were not
distinguishable from those obtained w.th single crystals
by Tang and Fenn3 and showed only NH3 and HCIOa.
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There was no evidence of the further decomposition which
they found with the compressed powder.

Similar experiments were conducted with I. The result-
ing TOF distribution is shown in Figure Ib. It is apparent
that all three substances show a two species vaporization
mechanism.

Data on | were fitted to curves representing the sum of
two Maxwellian distributions corresponding to two differ-
ent masses with the mass ratio of 150:35 at the same tem-
perature as shown in Figure 2 and given by

s n i , | )Htnt)4dexp[-2<tnv/t M +
2] + (L, ;t)Aexp[—=2(tm/t)- + 2]IAZ'
and
A = O(rtiNJmuF exp[-2 + 2] + 1

where smand im are, respectively, the signal intensity and
arrival time at the most probable velocity of the heavier
mass, mH. The term 6 is the ratio of detector sensitivity
for the lighter mass, mL (NH2F), to that for the heavier
mass (HSO3CF3). There are no data from which 0 can be
determined a priori. The values which best fit the data
range between 0.42 and 0.47. The arrival time, tm, was
adjusted so that the calculated signal maximum fitted the
oscillogram maximum in terms of arrival time. The de-
partures from the curve at longer times, i.e., slower mole-
cules, are most likely due to self-scattering effects. Al-
though no independent temperature measurement was ob-
tained, the work by Tang and Fenn7 supports the general-
ly accepted concept that molecules evaporating freely
from a surface have a Maxwellian velocity distribution
corresponding to the surface temperature. On this basis,
the range of surface temperatures (7's) for I was between
420 and 460°K. These values were deduced from tm =

1435

xim”~/kTa)l 2 where x is the distance from the chopper to
the detector. The uncertainty in Ts is about +10°K, and
originates mainly from the uncertainty of ~ 10 psec in
time zero. The curve fit in Figure 2 and the high improba-
bility of a two species vaporization process giving other
than the assumed mass ratio leads to the conclusion that
I undergoes a two species dissociative vaporization and
that one of these species most probably is H2NF.

The results with pressed powder AP definitely establish
the advantage of surface heating to avoid interstitial reac-
tion of subliming materials whose vapors can readily react
or decompose as a result of gas-gas or gas-surface colli-
sions. The use of surface heating of | and time-of-flight
mass resolution of the vaporizing species also has given
additional evidence for the probable existence of H2NF.
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Electrical Conductances of Some Aqueous Rare Earth Electrolyte Solutions at 25°. 1.

The Rare Earth Perchlorates:

F. H. Spedding* and J. A. Rard
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The electrical conductances of aqueous solutions of La(C104)3, Pr(C104)3, Nd(C104)3, Sm(C104)3
Gd(C104)3, Th(C104)3, Dy(C104)3, Ho(C104)3, Er(C104)3, Tm(C104)3, and Lu(C104)3 were measured
over the concentration range of approximately 0.004 m to saturation at 25°. The equivalent conductances
of the rare earth perchlorates, at constant molality, were found to decrease smoothly from La(C104)3 to
Lu(C104)3 below 2.5 m. A prominent two-series effect appears in the equivalent conductances by 3.0 m
and is discussed in terms of a change in the inner-sphere cation hydration number and the occurrence of
water sharing between the rare earth and perchlorate ions.

Introduction
Agueous rare earth salt solutions differ from each other
mainly because of a slight change in the cation radius

across the rare earth series due to the lanthanide contrac-
tion. The rare earths therefore form a good series of triva-
lent salts for the study of the variation of transport and
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thermodynamic properties as a function of ionic size. This
laboratory is involved in the study of these properties for
the rare earth chlorides, perchlorates, and nitrates from
dilute solution to saturation and this paper represents one
of these studies.

A number of thermodynamic,2 7 transport,3'4-8 11 and
spectral properties12 17 have been measured for aqueous
rare earth chloride and perchlorate solutions. Irregulari-
ties in these properties as a function of the rare earth cat-
ion have given rise to a model in which the light and
heavy rare earth ions have different inner-sphere hydra-
tion numbers, with the rare earth ions from Nd3+ to Th3f
being mixtures of the two hydrated forms.

The electrical conductance of an electrolyte solution is
influenced by ion-solvent and ion-ion interactions. It is
usually assumed that the perchlorate ion does not com-
plex with metal ions although, at high concentrations,
outer-sphere complexes have been suggested.1625 The
concentration dependence of the electrical conductance of
the rare earth perchlorate solutions was studied in order
to investigate the effect of the changing cationic hydration
upon the chemical properties of the rare earth ion-water
system. To extend this investigation to include the role of
anion hydration and anion-cation interactions, subse-
guent papers will deal with the aqueous rare earth chlo-
ride and nitrate systems.

Experimental Section

Preparation of Solutions. The stock solutions were pre-
pared by the method of Spedding. Pikal, and Ayers.5 All
dilutions were prepared by weight from concentrated
stock solutions and conductivity water and all weights
were corrected to vacuum. The stock solutions were mi-
crofiltered to remove suspended silica particles and then
carefully analyzed.

Stock Solution Analyses. The concentrated stock and
saturated solutions were analyzed by both EDTA2 and
sulfate methods.5 Different analyses on the same stock
agreed to £ 0.1% or better in terms of molality.

Equipment. The Leeds and Northrop conductance
bridge assembly described by Dike27 was used for all of
the resistance measurements. All bridge resistors were
calibrated and lead resistance corrections were made. The
pH’s were measured with glass and saturated NaCl-calo-
mel electrodes (saturated KCl-calomel electrodes are er-
ratic in perchlorate solutions).

The cells used in this research were of the capillary type
recommended by Jones and Bollinger,28 were platinized
by the method of Jones and Bollinger,2 and were cali-
brated using Jones and Prendergast’'s standards.30 The
cells all had cell constants in the range of 250 to 300
cm"l

Experimental Procedure. The resistances of three or
four samples of each dilution were measured and the aver-
age resistances, with few exceptions, are reliable to
+0.02%. Resistances of solutions below 0.01 m were mea-
sured in parallel with some bridge resistors and are reli-
able to only +0.2%. The oil bath temperature was con-
trolled to 24.99 + 0.01°.

Prolonged contact between the platinum electrodes and
concentrated rare earth perchlorate solutions occasionally
resulted in the oxidation of the electrode surfaces as evi-
denced by a large frequency dependence in the measured
resistance. This oxidation was eliminated by periodic
treatments with dilute FeS04-H2S 04, followed by soaking
with HC1 and, finally, conductivity water.
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Errors and Data Treatment

The equivalent conductances were calculated from the
equation
107, (104+ mM)L
A = = e - @)
A 3md
where L is the specific conductivity of the solution cor-
rected for the solvent conductivity, N is its normality, m
is its molal concentration, M is the molecular weight of
the salt (IUPAC values of 1969), and d is the density of
the solution. The density data of Spedding and cowork-
ers3l were fitted to fifth-order polynomials in terms of mo-
lality and these equations were used to calculate the den-
sities of the corresponding solutions studied in this re-
search. These density polynomials are of che form

d = Y.Apn' (2)
/=0
and the coefficients are listed in Table 1.2

The equivalent conductance results from 0.1 m to satu-
ration were fitted to seventh-order least-squares polyno-
mials using statistical weighting factors. These fits were
performed on an IBM 360 computer using double preci-
sion to avoid round off errors. The resulting equations are
of the form

A = X Bm' - 3)

i=D

The difference between the experimental and calculated
conductances was usually less than 0.02 ohm"1 cm2
equiv- 1except for an occasional deviation as large as 0.05
ohm" 1 cm2 equiv"l The larger deviations tend to occur
at low concentrations where the actual conductance is
quite large. The probable errors above 0.05 m were calcu-
lated to range from less than 0.01 to 0.05 ohm"1 cm2
equivl, with the smaller errors occurring for the more
concentrated solutions, so the polynomials fit within ex-
perimental error.

The conductance data are reported in Table 11 and
the conductance polynomial coefficients are given in
Table Ill. The saturated solution molalities to be used
with eq 2 and 3 are listed in Table IV. The equivalent
conductances are reported in units of (absolute ohm)"1
cm2 equivalent"l. The equivalent conductance and the
concentration data are generally uncertain in the fourth
figure but were reported to five places in most cases since
the internal consistency of the data is greater than its ab-
solute accuracy.

The purpose of obtaining these polynomial fits was to
calculate relative per cent differences defined as

A rKK'lOj), A LuiC10,i,
------------------------ X 100 @)

ALL(=10!

where RE represents the rare earth of interest. These per
cent differences enable one to examine the small but real
differences between the various rare earth perchlorates.

The dilute solution conductances of eight of the rare
earth perchlorates have been measured by Spedding and
Jaffe.9 As previously mentioned, the conductances of the
most dilute solutions reported here are reliable to 0.2%.
The data of Spedding and Jaffe should be reliable to 0.1%
in this region so our data should agree with theirs to 0.3%
for each salt in the overlapping region. Graphical compar-
ison indicated that all but La agreed within this limit and
La fell only slightly outside.
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TABLE III: Conductance Polynomial Coefficients for Perchlorates

Salt Bo/Bs B:/Bs B:/Bs Bs3/B;
La(ClO.); 113.755644 —133.865051 250.664759 —362.979281
300.887992 —150.716050 42.4226658 —5.03245629
Pr(Cl0,); 112.709943 —125.819473 225.023065 —319.880772
258.876234 —127.191732 35.4473810 —4.18715132
Nd(C10y): 112.384826 —120.223678 203.032449 —281.684257
223.493003 —109.039229 30.5627797 —3.64653777
Sm(Cl10.); 113.722978 —137.885487 265 .889823 —390.941918
324 .737789 —159.774179 43.5348830 —4.97352759
Gd(ClOy); 112.999666 —138.635838 267.818563 —398.119408
335.126600 —166.361377 45.5448518 —5.22309077
Th(ClOy); 112.587096 —138.758261 264.905446 —389.083116
321.478887 —155.696784 41.5842113 —4.67045271
Dy (ClOy)s 111.619667 —130.573806 233.247016 —330.125866
260.679872 —120.672584 31.1075186 —3.40584028
Ho(Cl10y); 110.683936 —126.733062 221.014053 —312.945925
247.840798 —115.303952 29.9547094 —3.31212709
Er(ClOy); 111.544708 —136.164521 254 .363940 —370.218577
301.044753 —142.937823 37.5419784 —4.17157148
Tm (ClO;); 111.635535 —135.829207 249 .703539 —359.186533
288.410556 —135.342338 35.2439817 —3.89428363
Lu(Cl10,); 111.039291 —132.602462 239.210493 —341.648847
271.376036 —125.953311 32.5628478 —3.58761827
TABLE IV: Aqueous Rare Earth Perchlorate Molal [ T % 3 L |
Solubilities at 25° LalCIO, )5 |
Rare l
earth Molality Rare earth Molality 30+ q
La 4.7601 Dy 4.6016 '
Pr 4.6955 Ho 4.6241 W GdlCI0,)y |
Nd 4.6851 Er 4.6185 z f
Sm 4.6401 Tm 4.6173 x ;
Eu 4.6334 Yb 4.6044 g PRl |
Gd 4.6089 Lu 4.6335 & 201 / 1
Tb 4.6073 e |
w I C |
Results = | J
To the scale of graphs allowed here little difference S i '
could be seen between the equivalent conductances of ad- & 10 -
jacent rare earth perchlorates so relative per cent differ- ‘
ence curves are used to illustrate the data in Figures 1 :
and 2. Gd is plotted on both graphs as a common refer- ]'
ence. The Lu data, on this type of plot, fall along the mol-
ality axis. . . - . g ol
Below 2.5 m the curves plotted in Figures 1 and 2 show % 16 20 30 40 50

that the conductances are cleanly separated and occur in
the sequence of the atomic numbers of the rare earths.
Above 2.5 m some crossovers occur. In order to clarify the
trends represented by the crossings, plots were made of
the relative per cent differences at constant molality. In
Figure 3 the relative per cent differences are given at 1.0
and 2.0 m for both the chlorides33 and perchlorates and in
Figures 4 and 5 plots are given for the perchlorates at
higher concentrations. The similarity of the rare earth
chloride and perchlorate data below 2.0 m should be
noted here. The viscosity data included on these plots are
that of Spedding, Shiers, and Rard.34

The radius of the rare earth cation decreases as the
atomic number of the rare earth increases and the radius
of the rare earth ion together with its first hydration
sphere should also decrease across the series. As a result
the surface charge density of the smallest hydrated cat-
ions shouldebe largest. The smaller hydrated cations
should therefore bind water in the second and higher hy-
dration spheres more strongly and the total hydration of
the cations should increase from La to Lu. The total hy-
dration sphere is involved in electrolytic conductance so

MOLALITY

Figure 1. Per cent differences in equivalent conductances rela-
tive to Lu(ClO4)3 for some light and middle rare earth perchlo-
rates.

the cation mobility, at constant concentration, should de-
crease with an increase in the rare earth atomic number.
If the amount of complexation changes little across the
rare earth series, then the perchlorate ion contribution to
conductance should b2 similar, at equal concentrations,
for all of the rare earth perchlorate solutions, so the cation
mobilities determine tae order of the electrolytic conduc-
tances. The above explanation is adequate to account for
the trends in conductance and viscosity below 2.5 m. The
assumption of increasing total hydration has also been
used to explain aqueous rare earth chloride water activity
data.35

Above 2.5 m, the conductance data begin to form two
distinct series and this effect is well established by 3.0 m.
For the rare earth perchlorates the isomolal conductances
decrease from La to Nd, rise to Tb, and then decrease
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Figure 2. Per cent differences in equivalent conductances rela-
tive to Lu(ClO4)3 for some middle and heavy rare earth perchlo-
rates.
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Figure 3. Relative per cent differences in equivalent conductan-
ces at constant molality for the rare earth perchlorates and
chlorides.

smoothly to Lu. The viscosity data given in Figure 5 also
reflect this trend.

Assume that by 3.0 m too little water remains in the
rare earth perchlorate solutions to separately satisfy the
inner-sphere hydration needs of all the ions. Then, by this
concentration some inner-sphere water will be shared be-
tween the anions and cations and outer-sphere ion pairing
will result. When the inner-sphere hydration shift occurs
between Nd and Tb the water liberated from the inner
hydration sphere should be less firmly bound. In the very
concentrated solutions, where nearly all the water is
bound to the inner spheres of one or more ions, the addi-
tion of a less firmly bound water to the system should
allow these hydrated ions to slip past each sther more
readily, and will result in a viscosity decrease for the rare
earth perchlorates following Nd. This will give rise to a
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Figure 4. Relative per cent differences in equivalent conductan-
ces and relative viscosities at constant molality for the rare
earth perchlorates.
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Figure 5. Relative per cent differences in equivalent conductan-
ces and relative viscosities at constart molality for the rare
earth perchlorates.

gradual increase in the isomolal conductance for the rare
earth perchlorates, which occur between Nd and Tb, rela-
tive to the lighter rare earths. The end result is a promi-
nent two-series effect in the concentrated perchlorate so-
lution electrical conductances. The assumption that the
rare earth and perchlorate ions retain a layer of water be-
tween them is supported by X-ray diffraction data for a
nearly saturated rare earth perchlorate solution.1?

This two-series effect is quite distinct by 3.0 m for the
perchlorates but does not appear by 3.5 m in the rare
earth chlorides. It thus appears that water is bound more
strongly in the perchlorate system than in the chloride at
equal molalities. Although the generally made assumption
is that the perchlorate ion interacts only weakly with
water, some aspects of ir25:36 and Ramanl® data have
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Figure 6. The pH’s of the rare earth perchlorates as a function
of the molality.

been explained in terms of perchlorate ion-water interac-
tion. In addition, the activities of water in concentrated
rare earth perchlorate37 and uranyl perchlorate3 solutions
have been found to be considerably lower than for the cor-
responding chloride salt solutions. While some of this dif-
ference will result from the greater amount of complexa-
tion in the chloride solutions, more extensive perchlorate
ion hydration can explain the rest.

The pH’s of the rare earth perchlorate solutions are
shown as a function of the molality in Figure 6. At the
highest concentrations the pH’s are reliable only to 0.15
unit due to drift.3 The solutions studied contained stoi-
chiometric rare earth perchlorates in conductance water.
At equilibrium a number of ionic species are present in
these solutions including various outer-sphere complexes
and hydrolysis products. These hydrolyzed species are as
much of a part of the solutions as the unhydrolyzed
species and they cannot be eliminated from solutions of
stoichiometric salts. Unless the pH is carefully controlled
in the stock solutions, the resulting solutions will no long-
er be two-component systems. By measuring data on solu-
tions of the stoichiometric salts, results are obtained
which can be readily reproduced at other laboratories.

Since the pH'’s are fairly low in concentrated solutions
the possibility must be considered that the two-series ef-
fect was caused by the conductance of the hydrogen ions.
The pH can be defined as —log an, where aHis the molal
ionic activity of the hydrogen ion in the solution of inter-
est.40 Individual ionic activities are not experimentally
measurable and relating the pH to the actual molality of
the hydrogen ion requires certain assumptions. The hy-
drogen ion contribution to conductance will be considered
near saturation since the pH'’s are lowest there The mean
molal activity coefficients of several rare earth perchlo-
rates have been measured and are 800 or larger at 4.6 m.37
It is reasonable to assume that the activity coefficient of
the hydrogen ion is in excess of unity in these solutions so
aH can be considered as a liberal upper limit for the hy-
drogen ion concentration. The pH’s of the 4.6 m solutions
are one or greater. Consider 1000 g of water with its 4.6
mol of rare earth perchlorate and its estimated upper
limit of 0.1 mol of hydrogen ions. The hydrogen ion con-
ductance in this solution can be estimated by Walden’'s
rule
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Figure 7. Solubilities cr the aqueous rare earth perchlorates at
25°.

A ~ A4nr/n) %)

where n/n0 is the relative viscosity of the solution and A0
is the limiting conductance of the hydrogen ion. The rela-
tive viscosity of the solution is about 60 and AO is 430
ohm-1 cm2 equiv“1.41 The total conductance of the 0.1
mol of hydrogen ions in this solution will be (0.1)(430)(1/
60) = 0.72 ohm-1 cm2. Walden’s rule frequently gives a
low estimate for the conductance. Water sharing in highly
viscous solutions should extensively disrupt the hydrogen
ion conductance chain mechanism so the Walden'’s rule
estimate could also be high. Even if some cancellation of
errors occurs, the value of 0.72 ohm" 1 cm2 is still proba-
bly high. This same solution will contain 3(4.6) = 13.8
equiv of rare earth perchlorate with an experimental
equivalent conductance of 3.5 ohm"1 cm2 equiv"l. The
total conductance of The rare earth perchlorate, after sub-
tracting the hydrogen ion value, will be (13.8)(3.5) - 0.7
= 47.6 ohm 1cm2. The hydrogen ion contribution to con-
ductance is therefore 1.5% or less. There is a 32% change
in conductance across the series at 4.6 m and a 15%
change between Nd and Tb. It seems unlikely that the
hydrogen ion conductance could be causing this much
change especially since the hydrogen ion contribution to
conductance will be shifting all of the curves in the same
direction. Additional evidence for this is the fact that the
pH does not follow the same regular sequence as the total
equivalent conductances. The viscosities are even less de-
pendent on the pH and they also exhibit the two-series
behavior between the same concentrations. One may con-
clude that the two-series effect is real and not caused by
hydrolysis.

An interesting finding of this research is that the inner-
sphere two-series effect shows up in the conductance from
3.5 m to saturation between Nd and Tb. These are the
same two rare earth ions between which the coordination
change is believed to occur at infinite dilution.5 This
implies that no significant dehydration occurs with in-
creasing concentration. Karrakerl4 observed a change in
the spectral behavior of Nd in the presence of a large ex-
cess of monovalent electrolyte. The large excess of anions
present in his system could cause greater amounts of com-
plexes to form than are present in solutions of the stoi-
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chiometric salts. This may partially account for the ob-
served spectral modification.

In Figure 7 the molalities of the saturated rare earth
perchlorate solutions are shown and the numerical values
of these concentrations can be found in Table IV. It
should be noted that saturation occurs when approximate-
ly 12 waters remain for each rare earth perchlorate unit.
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COMMUNICATIONS TO THE EDITOR

Dielectric Response by Real Time Analysis o* Time
Domain Spectroscopy Data

Rbicionats asasedly/tre Migids

Ul\ﬂslyvanLpntfltmrel\anHSJ e dom

e FLrthion

Sir: Considerable interest has developed recently in use of
time domain spectroscopy (TDS) for study of dielectric
relaxation processes in the time range 10 7 to 10"11 sec.
One observes reflected or transmitted signals as a function
of time after incidence of a voltage pulse on a dielectric
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sample, but in most methodsl the dielectric response
function can be determined only by numerical Fourier
analysis and other transformations. An exception is Fell-
ner-Feldegg’'s thin sample method,2 which yields the de-
rivative of the response function directly, but as van Gem-
ert3 has showai is inaccurate unless the sample thickness
and, as a result, the observed signal are very small. We
present here some of the results of an analysis which
much less restricted and gives the response function with-
out specific assumptions as to its form by simple numeri-
cal methods.
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Figure 1. Upper graphic shows reflected voltage R(t) from a
7.8-mm sample of 1-butanol at 22° for a 240-mV applied step
voltage, using a Hewlett-Packard Type 181 TDR system with
40-psec rise time. Lower trace shows (A) dielectric response
function calculated from thin sample formula (integral of eq 2)
and (B) response function from finite sample formula (eq 3).

For a dielectric sample of thickness d placed in a coax-
ial line terminated in its characteristic impedance, solu-
tion of the propagation equations through terms of order
d2 relates the dielectric response function t«, + 'k(f) to the
incident voltage pulse VO(t) and reflection —R(t), t > 0,

by

n5(¢/ - Iy + *( - MHIvVo/Y) -

(M) =

where ¢ is the speed of propagation in the empty, loss free
line and hiti is the Dirac delta function for an instanta-
neous response ex —1.

If R(t) is neglected in comparison to Vo(f) and dR{t)/dt
compared to cR(t)/d, then for a step voltage Vo(t) = Vo, t
> 0, one obtains Fellner-Feldegg’s first-order result

€ - D) +mo = 4 4 @

The observed response can only approximate the impulse
(t, —Dho(t) at short times because of the finite reflection
time 2d\ 777c in the sample, but more serious at longer
times is the error from assuming that the sample voltage
is VO(f) rather than VO(f) - R(t). For a considerable range
of sample lengths and other parameters, this error can be
satisfactorily corrected by using eq 2 as an approximation
in the correction term of eq 1 For a step voltage, this
gives on integration

+ 2df, () (1)

(e 1) + ¥(/) R\SL)
2c RtYR(I -/
d JO \Yo) VO

R(t) 3
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This result requires only simple numerical integration
of R(t) and its self convolution to obtain 'I'(f). and has
been found to work very well. As an example, the ob-
served response for a 7.8-mm sample of 1-butanol at 22° is
shown as the upper curve in Figure 1, and the two lower
curves are the results for (<, - 1) + 'I'(f) from the thin
sample formula and from the present analysis. Although
both the latter are well fitted by Debye functions 'k(t) =
Uo ~ e,)[l — exp(—t/r)], the time constant r from the
uncorrected curve is 720 psec (1 psec = 10 12 sec), some
40% larger than values in the range 500-540 psec from
transform analysis and steady-state results. The present
analysis gives r = 530 psec in much better agreement.

This value is essentially the same as that given by an
approximate formula derived by van Gemert assuming
Debye relaxation; his formula can be obtained as a special
case of eq 3. The static permittivity to = 17.2 in the limit
f o and the high-frequency value t,, = 3.2 from analy-
sis of short time response also agree well with other re-
sults.

The advantages of the present treatment are that the
response function 'k(f) can be obtained with satisfactory
accuracy for a considerable range of sample thickness and
other parameters without specific assumptions about its
form and without numerical Fourier transformations. The
analysis has been generalized to take account of finite
ohmic sample conductivity and finite rise times; similar
methods have also been developed for a finite dielectric
sample terminating a coaxial line. These will be presented
in detail later.
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Comments on the Paper, "Flash Photolysis of
Aromatic Sulfur Molecules,” by F. C. Thyrion

Publication costs assisted by the American Cyanamid Company

Sir: In his above-mentioned paper,1 Thyrion reports tran-
sient absorptions with maxima around 300 nm upon flash
photolysis of aromatic thiols, disulfides, and sulfoxides in
ethanol and cyclohexane solutions.

The author correctly assigns these transients to RS-
radicals. He fails to mention, however, that similar results
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have been reported in the pulse radiolysis2 and the flash
photolysis3 of mercaptoethanol in aqueous solution at high
pH. In the flash photolysis case, we have explicitly stated
that we consider the 300-nm transient absorption as aris-
ing from the RS- radical. Our assignment has recently
been verified by pulse radiolvtic studies.4

Only the RS- transient which is rather insensitive
toward oxygen is observed in nonpolar solvents such as cy-
clohexane. In polar solvents such as water the radical
anion, RSSR~, is observed as an additional transient. In
the case of aliphatic thiols the absorption of the radical
anion occurs around 420 mn. while for thiophenol the
maximum is at 470 nm. The transient radical anions have
a rather high extinction coefficient and are therefore read-
ily observed, provided the solution is properly deoxygenat-
ed and the pH is adjusted to provide a sufficient concen-
tration of RS~ anions.

Thyrion states in his paper: “The assignment of the ab-
sorption bands to a phenylsulfur radical is in contradic-
tion with that postulated by Caspari and Granzow who
observed a transient spectrum with maximum at ~420
nm identified as arising from the RSSR~ radical anion
upon photolyzing aqueous solutions of thiophenol.” Since
none of the transient spectra reported by Thyrion was ob-
tained in aqueous solution, it is obviously not possible to
compare the two studies. A minor flaw is the incorrect
guotation of an absorption maximum for the thiophenol
transient at 420 nm instead of 470 nm.
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Reply to Comments on the Paper, “Flash Photolysis
of Aromatic Sulfur Molecules,” by A. Granzow

Sir: We thank Caspari and Granzowl for correcting the
absorption maximum they observed in aqueous solutions
of thiophenol at 470 nm and not at 420 nm as reported in
our work.

We wish to make some further comments. (1) Thiophe-
nol has been photolyzed in H20-EtOH (2:1) solutions at
various pH’s and in all cases the short and long wave-
length bands were observed. The only difference observed
in increasing the pH was an increase of the optical densi-
ty. This can be explained by a higher absorption of flash
light by the parent compound. (2) It was first thought
that a radical ion produced the long wavelength band but
this hypothesis was ruled out when considering the decay
curves and the decrease of transient concentrations with
an increase of parent compound concentrations. (3) The
longer flash duration in the experiment of Caspari and
Granzow may be responsible of the discrepancy between
the results. (4) The comparison between flash photolysis
and pulse radiolysis results can be made only with great
care since the primary processes are likely different.
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On the Use of the van’t Hoff Relation in Determinations
of the Enthalpy of Micelle Formationl

Riictionacsis esstecky/treNtiod it iesof Hdth

Sir: There is considerable interest today in hydrophobic
bonds. Since the outstanding thermodynamic characteris-
tic of such bonds is the sizable temperature dependence of
the enthalpy change that accompanies their formation, in-
terest has grown in the determination of this enthalpy. One
possible route to this goal is through study of detergent mi-
celles.

Unfortunately, although a quite general thermodynamic
analysis of micellar solutions has been made,23 implemen-
tation of the equations is not possible because they involve
various quantities that are unmeasurable at the present
time. There is a particular property of micellar solutions,
the critical micelle concentration (cmc), that can be very
readily and precisely measured. Consequently, there is a
need for methods of interpretation of that quantity in
terms of the thermodynamic properties of the micellar so-
lution.

Various viewpoints are available that make such an in-
terpretation possible,4 includingone described earlier by
us'l' that comes under the rubric of “quasistatistical me-
chanical” methods.2 In that method, attention is focused
upon the reaction

A, + Ay. = AN (1)

wherein A] is a detergent monomer and Ay is a micelle
containing N monomers, N being the number of detergent
monomers in the micelle of size most probable at the con-
centration, temperature, and pressure of the cmc measure-
ment; and it is shown that the standard free-energy change
(infinitely dilute reference state) of reaction 1 may be esti-
mated by

AGv" = &1 In (cmc) (2)

Experimental determination of the temperature depen-
dence of the cmc is customarily then interpreted in the
usual way, i.e., through the van't Hoff relation, to provide
the standard enthalpy of reaction 1.8 However, since the
more general thermodynamic analyses show that macro-
scopic, operational van't Hoff relations fail in this system if
the micelle number is temperature dependent,3 the ques-
tion arises whether the quasistatistical mechanical method
under scrutiny is consistent with that result. We are thus
driven to analyze closely the temperature dependence of
AGs*“- In the following, we demonstrate that the two ap-
proaches are consistent and therefore that such use of the
van't Hoff relation is in principle incorrect. We also show
that in practice numerical values of enthalpies so obtained
may be very wrong.

Consider a micelle containing N monomers. In the ab-
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sence of external fields, its change in standard (infinitely
dilute reference state) partial molal Gibbs free energy is
described by

dG f = VfdP - Sf dT + (~ f) dN (3)
wherein the last term accounts for possible gain or loss of
monomers, since the most probable micelle may change
with temperature. A similar relation holds for the micelle
containing N + 1 monomers, while for monomer itself

dGt” = vfdP - s~ dTx (4)
For reaction 1, then
d(AG/) = AL/ AP - As ¢ dT =+
9(nyr - Gjf) div (5)
9 N ']:P

from which we see that the temperature coefficient of
AGy" is

9(GjGi GI7 )
9 N

Substituting —AS.v" = (AGy" —AHYy“)/T and eq 2 into eq
6 we find

9 In (cmc)

The left-hand side of eq 7 is the experimental quantity,
and, as eq 7 shows, gives A/ly" by a van't Hoff relation
only if (aNliiT)p is zero, i.e., only if the most probable mi-
celle number is independent of temperature. In general, we
do not expect this to be the case, so the temperature coeffi-
cient of the cmc cannot be used to obtain heats of micelle
formation.

The physical reason why the van't Hoff relation fails
here is perfectly plain. If we measure a cmc at two different
temperatures, and use eq 2 to calculate the two free-energy
changes, those free-energy changes refer to two different
chemical reactions, Ai + AViT I)fr= ~sito + i iN ONe case,
and A] + Awvit™ = As'it-j+ | in the other. These two reac-
tions are only the same if N is temperature independent.

The question remaining is whether the last term of eq 7
is numerically very significant. Sufficient information does
not exist to decide the question unequivocally, but we can
make the following rough computation as an enlightening
estimate.

Although no good theoretical expression exists for the
tctai standard Gibbs free-energy change of reaction eq 1,
the electrical part of the standard free-energy change for
an ionic micelle in the absence of added salt is4

AG f = NANe2eb (8)

wherein N\ is Avogadro’s number, e the protonic charge, i
the solvent dielectric constant, and b the micellar radius.
Assuming constant radius, the last term of eq 7 thus be-
comes, in magnitude {N\Te2tb){nN/{)T)p. Using T ~
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300°K, e = 4.8 X 10-10 esu. ea 80, b ~ 2 nm, and convert-
ing to calories, we find for this term (6.3 X \04)(@N/<iT)p.
The only relevant measurements we have been able to find
of the temperature dependence of micelle number are those
of Debye,9 which give a magnitude of ~0.4 for (dN/oT)p.
Thus, the magnitude of the electrical part, of the last term
of eq 7 is ~2.5 X It)4 cal. For ionic micelles, experiments
show that the left-hand side of eq 7 is nearly zero at room
temperature, so that AHy°®® as determined from the van't
Hoff relation (i . e by neglecting the last term of eq 7) may
be grossly in error even if the total free energy is only a few
per cent of the electrical part.

It is unfortunately not really possible to take the offend-
ing term into account since the result is so sensitive to its
value and experimental errors in measuring N are such that
a value of 0.4 for (nN/aT)p is barely distinguishable from
zero over the accessible temperature range. It would seem
that the only valid way of assessing micellar enthalpies lies
in the use of calorimetry.
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Hydrogen Bonding of Phenol in Carbon
Tetrachloride. The Use of Activity Data to Evaluate
Association Models

Publication costs assisted by the National Science Foundation

Sir: In spite of numerous studies whic h have been made of
the self-association of phenol, there is still considerable
disagreement regarding the nature of molecular aggregates
of phenol which exist in organic solvents.12 In the case of
the volatile aliphatic alcohols methanol and ferf-butyl al-
cohol, a combination of infrared and nmr spectral data
and vapor pressure results provides evidence that trimers
and larger polymers are present in solutions in CC14 and
hydrocarbon solvents, even at concentrations well below
unit molarity.34 On the other hand, recent measurements
of the physical properties of solutions of phenol in CCU
and cyclohexane at concentrations up to or exceeding 1 M
have been interpreted in terms of association models lim-
ited to dimerization and/or trimerization.15x In the pres-
ent communication we provide thermodynamic evidence
which can be used to discriminate among various classes
of association models purported to represent the state of
phenol aggregation in organic solvents.
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Figure 1. Phenol monomer concentration as a function of total
phenol concentration: 13C curve calculated by using K2 = 0.57
M~" at 27° (0.901 m~" from Table IIl. ref 5); Cal. curve calcu-
lated by using K3 = 5.6 M~2at 25° from calorimetric data of ref 1;
* phenol monomer concentration at 29.1° from absorbance data
of ref 2; x phenol monomer inferred from activity data (this work)
using limiting relationship CM(phenol® = a(phencl)/2.87;
O phenol monomer concentration at 20.7 from absorbance data
of ref 2.

TABLE I: Activity of Phenol in CCL at Several
Concentrations at 21.0?

ca ab c a
1.080 0.637 0.390 0.482
0.934 0.626 0.297 0.435
0.867 0.602 0.240 0.403
0.743 0.578 0.173 0.543
0.650 0.552 0.095 0.227
0.520 0.525 0.050 0.121
0.462 0.506

a Molar concentration of phenol in CCI*. h Ratio of vapor concentration of
phenol above phenol—€C1 solutions (determined spectrally in the vicinity
of 2704nm) to vapor concentration above solid phenol at 21.0°.

Vapor pressure methods have been shown to be unique-
ly powerful in evaluating alternative models for the asso-
ciation of alcohols.34 Unfortunately, phenol is not volatile
enough to permit use of conventional vapor pressure
methods in this connection. However, the large absorption
of phenol vapor in the ultraviolet region makes it possible
to determine activities of phenol from absorbance mea-
surements on phenol vapor above organic solutions of the
compound; reliable results can be obtained even at partial
pressures of phenol on the order of 100 mor less. Some ini-
tial results are reported here for solutions of phenol in
CCU. Table 1 lists values of phenol activity (expressed as
a ratio of the partial pressure of phenol to the vapor pres-
sure of pure solid phenol) in CCl4solutions at 21.0°.

Values of phenol monomer concentration derived from
our measurements9 are plotted in Figure 1 along with the
concentration of phenol monomer inferred from several
types of data for phenol-CCL soluiions in the tempera-
ture range 20-29°. The present activity results are in ex-
cellent agreement with the near-infrared results of Whet-
sel and Lady.2 Both our results and those of Whetsel and
Lady are also in reasonable agreement with values derived
from partition-water solubility datald and with phenol ac-
tivities derived from total vapor pressure measurements
on phenol-CCL solutions by use of the Gibbs-Duhem
equation.11 However, our results cannot be reconciled
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with either the interpretation of Nakashima, et al.,5 of
13C nmr measurements on phenol-CCL solutions or with
the 1-3 interpretation of calorimetric measurementsl at
phenol concentrations exceeding about 0.15 M. Both the
1-2 and 1-3 interpretations of these latter sets of data
lead to calculated phenol monomer concentrations which
increase much too rapidly with total phenol concentration
to be consistent with activity measurements. We also note
that the numerous pmr studies using models which limit
phenol association only to trimer (e.g., ref 7 and 8) would
produce curves similar to that for the calorimetric curve
in Figure 1.

In view of the relation between thermodynamic activity
values and the concentration of phenol monomer in solu-
tion it is essential that any association model for phenol
solutions be consistent with reliable activity results. This
restriction arises from the basic assumption (made in all
spectral and classical studies of phenol association) that
Henry's law is obeyed by each of the individual phenol
species. Under this assumption, values of the concentra-
tion of phenol monomer obtained from various association
models should vary linearly with the thermodynamic ac-
tivity. Relatively few types of physical measurements used
to date on hydrogen-bonding systems can provide a di-
rectly observable quantity related to the activity of the
monomeric species. Two methods which have been used
are measurements of absorbance at the monomer hydroxyl
stretching frequencyl2 and vapor pressure measurements
on alcohol-hexadecane solutions.3-4 The results of our
work provide a direct measurement of phenol activity in
anhydrous phenol-CCL solutions in the concentration
range 0 * 1.0 M. At phenol pressures not exceeding about
300 n it is highly improbable that significant quantities of
associated phenol are present in the vapor and thus we
expect the concentration of phenol vapor over phenol-
CCL solutions to be directly proportional to the monomer
concentration of dissolved phenol.

All association models which have been used to describe
phenol polymerization must be reducible, directly or indi-
rectly, to monomer vs. total concentration curves. It is ob-
vious that a common curve (at fixed temperature and sol-
vent) should be obtained from reliable physical data of all
types if a realistic model has been applied to fit the data.
The marked discrepancies among the curves in Figure 1
clearly indicate that not all of the interpretations repre-
sented are meaningful. The directness of our measure-
ments and the close agreement of our data with those of
Whetsel and Lady?2 lead us to conclude that the concen-
trations of phenol monomer derived from our measure-
ments and those of Whetsel and Lady are upper limiting
values.

Phenol association models which are limited to dimeri-
zation5 and/or trimerization1-7-8 can be rejected as being
physically unrealistic. More generally, we think that no
single associated species model (e.g.. monomer-trimer or
monomer-tetramer) is useful except in quite restricted
ranges of phenol concentration. A careful numerical anal-
ysis of the infrared data of Whetsel and Lady and consid-
eration of our activity results convinces us that no model
yet proposed for representing the association of phenol in
CCL is as satisfactory as the monomer-trimer-sequential
polymer model discussed previously.4-14
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Comments on the Paper, “A Study of the Formation
of Negative lons in Nitric Oxide and the Interaction
of NO with H* and O*“ from Water,” by S. K. Gupta
and C. E. Melton

S
Sir: We wish to point out that a recent paper by Gupta
and Meltonl contains very serious errors concerning the

negative ion NO and its chemistry. The first point con-
cerns the reaction (with the original equation numbering)

H" + NO —mNO' + H 7
which Gupta and Melton find to have the extremely large
rate constant 4 x 10 9 cm3 moleculel sec 1and which
they therefore assume to be exothermic, from which they
deduce that the electron affinity of NO exceeds that of
atomic hydrogen which is 0.75 eV. The electron affinity of
NO is now very well established by several methods to be
less than 0.1 eV. The most precise determination is that
of Siegel, et al..2 in which a value EA(NO) = 0.024 + 0.010
or —0.005 eV was determined by photodetachment electron
spectroscopy. McFarland, et al..3 studied the collisional
detachment of NO in eight gases in a temperature vari-
able flowing afterglow system. The detachment rate in CO
established that EA(NO) < 0.046 eV and for each of the
eight gases it was established that EA(NO) < 0.11 e\.

dGnmare
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Parkes and Sugden,4 using a drift tube, measured both
the attachment rate in NO

e - 2NO — » NO" + NO (6)

and its’ reverse and from detailed balancing they deduce
EA(NO) = 0.028 eV. in agreement with the Siegel, ct al.,
value. The detachment rate constant of Parkes and Sug-
den agreed closely with that of McFarland, et al.. using a
completely different experimental technique. Additional-
ly. using endothermic reaction thresholds, Hughes, et
al.,5 have recently shown that EA(NO) < 0.1 eV. Berkow-
itz, et al.,6 that EA(NO) < 0.5 eV, and Lecmann and
Herschbach7 that EA(NO) ~ 0. It has been known for
some time from the demonstrated exothermicity of the
charge-transfer reaction

NO" + Oz —> 02" + NO @

that EA(NO) < EA(02) = 0.46 eV.8 The few earlier ex-
periments which gave large NO electron affinities have
now been fully discredited. Thus there is no doubt that
reaction 7 is in fact very endothermic and cannot occur at
thermal energies. Moreover, the reaction of H with NO
has been studied directly and found not to charge transfer
but rather to associatively detach

H" + NO —% HNO + e + 14 eV %)
with a rate constant k2 = 4.6 x 10" 10 cm3/sec.9 The con-
cluding statement in ref 1 that “NO reacts with H to
produce H atoms and is thus a source of tree radicals” is
therefore erroneous and should not be propagated in ra-
diation chemistry.

The second point we make concerns the manner of for-
mation of NO- . Gupta and Melton propose the termolecu-
lar collision (6). Although not noted by them thb rate
constant has been measured by a number of workers as
discussed in ref 3). the most reliable measurement being
that of Parkes and Sugden4 who obtained a value k6 = 8
+ 2 x 10-3L cmé6/sec at 300°K. Very little NO could
have been made this way in the 360°K ion source of Gupta
and Melton because of the rapid collisional detachment of
NO by NO. The maximum possible NO production by
attachment would be the equilibrium value

fNOi = AjNOIfel 3)

At 360°K, the equilibrium constant is 7.7 x 10 20 cm3
and at 10- 2 Torr NO pressure that maximum NO densi-
ty would be 2.6 x 10-5[e] where [e] refers to themal elec-
trons. Presumably the energetic beam electrons would un-
dergo three-body attachment to a much less extent.

It seems likely that the NO- is produced in the well-
known reaction

0" + N,0 —»NO" + NO 5)

which has a rate constant of 25 x 10 10 cm3/sec at
300°K.10 Gupta and Melton's statement that they had pu-
rified the NO to impurity levels no greater than a few
ppm is not convincing. Our experience is that the N20
cannot be removed from NO to this extent by the distilla-
tion described and that substantially improved purifica-
tion techniques only remove N20 to about the part per
thousand level.11 We are aware that others have experi-
enced the same difficulty.

The third point we raise concerns Gupta and Melton's
reaction

0" + 2NO —- NO + NO02" ()
for which they deduce k4 = 7.6 x 10 2' cm6,sec. This is
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an unreasonably large rate constant on its face but in any
case it is known that (4) cannot occur because O- rapidly
reacts with NO in a binary reaction,s12

O" + NO —» NO2 + e (8)

with f8 = 2 X 10-10 cmas/sec. If there is a sufficient NO2 im-
purity in the NO then several fast processes are known to
occur

NO" + NO2 — » NO2" + NO (9)

kg = 7.4 x 10-10 cma/secs

e + NO2 NO2' (10)
k\o ~ 4 x 10 11 cmas/sec,13 and
O' + no2 —*no2" + O (11)

with fcn = 1.6 X 10-9 cms/sec.11 However, NO:2 is rela-
tively easy to remove from NO and N 02~ production has
been observed previously to arise from NO- in NO by
several groups and the mechanism for this has not yet
been satisfactorily explained.3
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Reply to Comments of E. E. Ferguson, F. C.
Fehsenfeld, and C. J. Howard on the Paper, “A
Study of the Formation of Negative lons in Nitric
Oxide and the Interaction of NO with H- and O-
from Water,” by S. K. Gupta and C. E. Meltonl

Riczionacsts asiseotytre Uhasity f Goga

sir: Perhaps the most interesting aspect of science is the
fact that physical and chemical reactions are under no ob-
ligation to occur in accord with the preconceived ideas of
scientists. This principle is illustrated by the nitric oxide
water system and the comments of Ferguson, et al. These
investigators state that the negative ion charge transfer
reaction

H' + NO —* H + NO" @
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does not occur in the H2D-NO system. We find by direct
experimental observation that NO- is indeed formed in
the system by a charge transfer reaction.2 In our experi-
ments, a marked increase in the abundance of NO was
observed when NO was added to a pure H20 system and
irradiated with low-energy electrons. The ionization effi-
ciency curve for NO- was found to be identical with that
for H from H20. Furthermore, the abundance of NO-
was observed to decrease with increasing repeller field,
consistent with the behavior of an ion produced by an ion
-molecule reaction. Thus, we concluded that NO' was
formed by a charge transfer reaction of H- with NO. It
should be pointed out, however, that the thermodynamic
analysis used by Ferguson, et al.,2 to void our experimen-
tal data does not apply to the H2O-NO system. This is
true because H formed from H20 may have a maximum
kinetic energy of 2 eV.3 Furthermore, our conclusions
about the value of the electron affinity of NO is invalid for
the same reason. Ferguson, et al., claim that H reacts
with NO according to the scheme

H" + NO —* HNO + e' + 14 eV (@)

Even if H and NO react by this mechanism, the charge
transfer reaction between H and NO would not be pre-
cluded because the reactions represent two independent
processes.

Concerning the production of extremely small concen-
tration of NO- in pure NO, our results support produc-
tion by the termolecular reaction

e" + 2NO —) NO + NO" )

We cannot accept the explanation of Ferguson, et al.
that NO- is formed by the reaction

O' + ND — »NO" + NO (@)

if this were true, the ionization efficiency curve for NO-
would be identical with that for O-/NO (Figure 1, ref 1).
In sharp contrast, we found the small amount of NO-
formed in pure NO to be independent of the electron en-
ergy in support of reaction 3.

Finally, in the case of NO2" formation in pure NO at
high pressures (—10 2 Torr), we state again that the oc-
currence of the reaction

O' + 2NO —- NO + NO2" (5)

was established by standard experimental techniques.
Here again, Ferguson, et a1, dismiss the above reaction in
favor of the associative detachment reaction

O' + NO —*= NO02 + e" (6)

with a rate constant k3 = 2 x 10-1° cm3/sec. However,
they failed to note that the reaction 6 was studied at ther-
mal energies. Under the conditions existing in our experi-
ments where, in addition to the initial kinetic energy ac-
quired by O ion the DA process from H20, 2 eV addition
kinetic energy was applied to the ion by the ion repeller
electrode, an associative detachment reaction at the rela-
tively high energy of our experiments is unlikely to occur.
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