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ABSTRACT: The dependence of local chain configurations on the number of bonds, n, has been examined
for cyclic alkanes. Discrete enumeration is used for identification of all nonintersecting rings with6 < n <
22 on a tetrahedral lattice. Rotational isomeric state theory provides the information for infinitely large rings.
Interpolations suggest the behavior of rings of intermediate size, 22 < n < =, Ensembles are weighted in
various ways, including (1) all rings weighted equally; (2) ¢ = 0.43, which incorporates the butane effect; and
(3) ¢ = 0.43 and & = 0.034, which incorporates both the butane and pentane effects. Probabilities are evaluated
for occupation of all rotational isomers and for all pairs of rotational isomers at successive bonds. The dominant

ring configurations at 6 < n < 22 are identified.

Introduction

The configurational characteristics of cyclic alkanes
undergo drastic changes as the number of bonds, n, in-
creases from six to infinity. This conclusion follows im-
mediately from the observation that the cyclic chain with
n = 6 does not have any bond in a trans state, but the
majority of the bonds occupy trans states as n becomes
infinite. The occupancy of rotational states in infinitely
large cyclic polyethylenes is easily calculated from the
known behavior of large linear polyethylene chains.* The
calculation presents a more difficult problem for rings that
contain 10-100 bonds. Nevertheless, the results for chains
of 10-100 bonds are of interest because it is here that the
bulk of the transition from cyclohexane to an infinitely
large cyclic polyethylene takes place. This transition range
is important for several reasons, including its use for de-
ducing the configurational origin of various spectroscopic
transitions observed in cyclic alkanes. The diamond lattice
rings described here will be used in the analysis of the
vibrational spectra of cycloalkanes C;;Hgs, CigHgs, and
CyHy,.? Calculations have been performed for cyclic
polyethylenes with even n, 6 < n < 22. These calculations
cover a range that adequately defines an extrapolation to
the known limits for infinitely large rings. Therefore, the
motivation for this work is somewhat different from the
driving force in previous studies of the dimensions of un-
perturbed? and perturbed®” rings, probability for ring
closure,?? or rate of intramolecular cyclization.!*?? The
motivation is more closely related to the description of the
local configurations that are consistent with ring clo-
sure,'317

Methods

All possible configurations were examined for linear chains that
are confined to a tetrahedral lattice and have an even number
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Table I
Combinations of Statistical Weights Used
o w comment

1.000 1.000 configurations equally weighted
0.432 1.000 butane effect, 300 K

0.432 0.034 butane and pentane effects, 300 K
0.487 0.056 butane and pentane effects, 350 K
0.533 0.081 butane and pentane effects, 400 K
0.572 0.106 butane and pentane effects, 450 K

of bonds in the range 6-22. Average properties were computed
for those chains that have an end-to-end distance of zero but do
not otherwise intersect. This averaging was achieved using several
different values of ¢ and w, which are the statistical weights for
first- and second-order interactions in the rotational isomeric state
model developed for linear polyethylene by Abe et al.” These
combinations of statistical weights are presented in Table I. The
first pair of statistical weights considers all configurations to be
of equal energy, the second pair penalizes gauche states in the
manner expected for polyethylene at 300 K, and the third com-
bination also invokes the penalty for the “pentane effect” in the
manner expected at that temperature. The fourth, fifth, and sixth
combinations invoke the butane and pentane effects in the manner
expected at temperatures of 350, 400, and 450 K, respectively.

Averages of configuration-dependent properties for unperturbed

linear chains were evaluated by using standard matrix meth-
ods. 218

Results and Discussion

Occurrence of Nonintersecting Cyclic Chains. The
configuration partition function for the unperturbed chain
is denoted by Z? and is calculated as

Z = {(1 - )\2)}\1(n-1) + (Al - 1))\2(71—1)}/(}\1 - }\2) (1)
M A ={l+o+ 0w+ [(1-a-ow?+ 8s]Y/3/2 (2)
where A, and A, are the eigenvalues of the statistical weight

© 1988 American Chemical Society
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Figure 1. Solid lines depict Z,/Z when it is approximated by
eq 3. The points depict Z./Z when Z; and Z are obtained from
the tetrahedral lattice and eq 1, respectively. The sets of statistical
weights are ¢ = w = 1 (top line and triangles), ¢ = 0.432 and «
= 1 (middle line and X’s), and ¢ = 0.432 and o = 0.034 (bottom
line and filled circles).

matrix, with A; > A1 A smaller configuration partition
function, denoted by Z, describes the chains that have an
end-to-end distance of zero but do not otherwise intersect.
This latter partition function is obtained from the exam-
ination of the chains grown on a tetrahedral lattice.

The solid lines in Figure 1 are obtained with the first
three sets of statistical weights in Table I and the ap-
proximation

Z./Z = [3/2m(r?)])*? 3

where (r?), is the mean square unperturbed end-to-end
distance of the linear chain. Equation 3 gives the proba-
bility for cyclization of a long random flight chain.®® This
equation should serve as an excellent approximation to the
true Z./Z for sufficiently large unperturbed chains.
Equation 3 provides a fairly good description of chains with
n of 10-22 if all configurations are weighted equally. When
there is discrimination against gauche states, eq 3 provides
an overestimate of Z,/Z, but it approximates the trend for
chains with n = 12-22. Equation 3 predicts neither the
size of Z./Z nor the dependency of Z,/Z upon n, when o
= 0,43, w = 0.034, and n is 6-22. In this case, Z,/Z initially
increases with n and appears to reach a maximum at n
near 22, which is the largest n studied. There must indeed
be a maximum because Z,/Z must decrease with n as the
number of bonds becomes infinite. The fact that this trend
is seen in Figure 1 when ¢ = w = 1, but is absent when ¢
= 0.432 and « = 0.034, shows that realistic weighting of
the rotational isomers in polyethylene has a profound in-
fluence on the properties of rings with 6-22 bonds. The
penalty associated with consecutive gauche placements of
opposite sign, which is denoted by w, plays a particularly
important role in the values of Z,/Z for small rings.
First-Order Probabilities. Figure 2 depicts the
probability for a trans placement as a function of 1/n. The
limit at infinitely large n must be identical for rings and
linear chains. This limit is 1/(1 + 20) if w = 1 because the
bonds are then independent. The limit can be computed
by matrix methods if the bond rotations are interdepen-
dent, i.e., if w is different from 1. When ¢ = 0.432 and w
= 0.034, the limit is 0.64. In view of the symmetry of the
rotation about internal bonds in polyethylene, the prob-
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Figure 2. Probability for a trans placement in the cyclic chains
as a function of 1/n. The sets of statistical weights are the same
as those used for the symbols plotted in Figure 1.

Table 11
Cyclic Chains with n = 10°
exponents
for
configuration g g w p(t)
0++-+0++-+ 20 8 4 0.2
00+-+00+-+ 10 6 4 0.4
++0++--0-- 10 8 2 0.2

@ Configurations are denoted by 0 = trans, + = gauche +, - =
gauche —. Representation of the conformation of a cyclic alkane by
a linear string requires arbitrary decisions on the bond at which
the sequence starts and whether indexing of the bonds proceeds in
a clockwise or counterclockwise manner. Each of the 2n linear
strings has a mirror image obtained by interconversion of all “+”
and “~". The degeneracy, g, is the number of nonidentical strings.
The upper limit for g is 4n.

abilities for either of the two gauche states at any n are
(1 - p(t))/2.

The value of p(t) is 0.331 at n = 20 when all configu-
rations are weighted equally. This value is nearly identical
with the expected limit of 1/3 at infinite n. Smaller rings
have a lower content of trans placements, and trans
placements are completely absent in rings of six and eight
bonds. When gauche states are penalized with ¢ = 0.432,
the probability of a trans state rises to 0.536 in the infinite
chain, but it is only 0.498 at n = 22. The approach to the
limit is delayed when ¢ is less than one. There is a slightly
greater delay if w is assigned the value expected in poly-
ethylene at 300 K. When ¢ = 0.432 and » = 0.034, the
limiting p(t) is 0.64, but the value at n = 22 is only 0.584.
The fraction of the bonds with trans placements in the
rings with n = 22 is 93% of that of an infinite ring if ¢ =
0.432 and w = 1, and this value becomes 91% if o = 0.432
and w = 0.034.

The p(t) for rings in which n > 22 can be estimated by
linear extrapolation from the point for the ring with n =
22 to the known limit at 1/n = 0. This extrapolation is
depicted as a dashed line in Figure 2.

The ring with n = 10 exhibits p(t) that do not conform
to the naive expectation that p(t) should increase upon a
decrease in ¢ or w. The origin of the observed p(t) at n
= 10 becomes apparent upon enumeration of all 40 rings.
These configurations are listed in Table II. A simple
calculation shows that p(t) is 0.25 if all chains are weighted
equally. The second entry in Table II becomes dominant
as ¢ decreases while w is held at one. As ¢ becomes van-
ishingly small, p(t) must approach 0.4. However, if it is
w that becomes vanishingly small, then it is at the last
entry in Table II that is dominant, and p(t) will approach
0.2.

Second-Order Probabilities. All of the second-order
probabilities are depicted in Figure 3. The limiting values
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Figure 3. Second-order probabilities for the cyclic chains. The
bond pairs are trans~-trans in the upper left, trans—gauche (in any
order and of any sign) in the upper right, gauche placements of
the same sign in the lower left, and gauche placements of opposite
sign in the lower right. The sets of statistical weights are the same
as those used for the symbols plotter in Figure 1.

at finite n are least sensitive to the three choices of sta-
tistical weight assignments when the bond pair is trans-
gauche. When there are two gauche placements of the
same sign, the limit is sensitive to the change in ¢ but
rather insensitive to the change in w. Of course, the value
of w is extremely important when the two gauche place-
ments are of opposite sign.

In all four panels, the ring with n = 22 has second-order
probabilities that are very close to those expected for an
infinite ring when all configurations are weighted equally.
The values (with the infinite ring in parenthesis) are p(tt)
= 0.109 (0.111), p(tg) = 0.458 (0.444), p(g*g*) = 0.229
(0.222), and p(g*g") = 0.206 (0.222).

When ¢ = 0.432 and « = 1, the ring with n = 22 has p(tg)
= (0.496, which is nearly identical with the limiting value
of 0.500. The ring with n = 22 has an excess of gauche
pairs, and a reduction of trans pairs, when compared with
the infinite ring. There is an oscillation in p(g*g*). This
oscillation must also occur in the sum of all of the other
second-order probabilities. However, that oscillation in
the individual p(tt), p(tg), and p(g*g*-) is masked in
Figure 3 because these three second-order probabilities are
more strongly dependent on n, in the region where 10 <
n £ 20, than is p(g*g*).

If ¢ = 0.432 and w = 0.034, the best agreement between
n = 22 and n = « is seen in the nearly complete sup-
pression of gauche pairs of opposite sign. The ring with
n = 22 how has an excess of trans—gauche pairs and gauche
pairs of the same sign. There is a large deficiency in trans
pairs. The second-order a priori probabilities for larger
rings can be estimated by the linear extrapolation to the
known limits in Figure 3. This extrapolation suggests that
the deficiency in trans pairs, and the excess of tg and g*g*
pairs, should persist to n significantly larger than 22. The
ring must contain about 50 bonds before p(tt) comes with
10% of the value for an infinitely large ring.

Figure 4 depicts selected ratios of the second-order
probabilities. These ratios are of interest because exper-
imental values are accessible from the ratios of the in-
tensities of selected vibrational bands.® The reference state
is the probability for a pair of trans states. The smallest
ring considered in Figure 4 has n = 10 because the rings

Macromolecules, Vol. 21, No. 8, 1988

20k b r
- oplin) / plot) plgg)
p(tt)

100/n

Figure 4. Selected ratios of the second-order probabilities. The
sets of statistical weights are the same as those used for the
symbols plotted in Figure 1.
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Figure 5. Probability of gtg triplets. The gauche placements
may be of either sign. The sets of statistical weights are the same
as those used for the symbols plotted in Figure 1.

with n = 6 and 8 contain no trans placements. The left
portion of the figure shows the ratio of all other second-
order probabilities to p(tt). In the middle and right-hand
portions, the result at the left is broken down into con-
tributions from tg (middle) and gg (right).

The limits for the infinite rings are all markedly reduced
when ¢ decreases from 1 to 0.432. A further reduction
takes place upon the decrease of » from 1 to 0.034, with
this additional reduction being most dramatic in the right
panel and least dramatic in the middle panel.

All of the ratios approach their limiting values from
above because p(tt) is suppressed in rings of finite n. At
n = 22, the equally weighted rings have ratios that are in
excellent agreement with the limits for infinite rings, as
expected from Figure 3. At this same n, the ratios exceed
the infinite ring limits when the other two weighting
schemes are employed.

A Selected Third-Order Probability. A third-order
probability of particular interest is that for a trans
placement flanked by gauche placements. The computed
values are depicted in Figure 5. When all rings are
weighted equally, the value is 0.149 at n = 22 and 0.148
in the infinite ring. Quite good agreement between n =
22 and n = =« is also obtained with the other two sets of
statistical weights. In the case where ¢ = 0.432 and w =
0.034, there are rather broad oscillations in p(gtg) for n
= 8-18. The most important contribution to p(gtg) is
made by triplets in which both gauche placements are of
the same sign, as is apparent upon inspection of Table III.

Dominant Configurations. Dominant configurations
for the rings are collected in Table III. There is only a
single distinct configuration at n = 6 and 8. The one
configuration listed in Table III for n = 10 completely
dominates the ensemble. (The other ring configurations
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Table III
Dominant Configurations®
exponents
for population at T
n configuration g o w 300 K 350 K 400 K 450 K
6 +-+-4- 2 6 6 1.00 1.00 1.00 1.00
8 ++-—-++-- 4 8 4 1.00 1.00 1.00 1.00
10 0++--0++-- 10 8 2 0.99 0.98 0.97 0.95
12 0-++0++0++-0 24 8 2 0.63 0.61 0.59 0.57
00++--00++-- 12 8 2 0.31 0.30 0.30 0.29
00+-00+-00+- 8 6 3 0.04 0.05 0.06 0.06
0+--0-+0++-0 24 8 3 0.02 0.03 0.05 0.06
14 0++0++00--0--0 14 8 0 0.93 0.87 0.80 0.72
00++0++0+++0+- 56 9 1 0.05 0.09 0.14 0.17
00+00-+00-00+- 14 6 2 0.01 0.01 0.02 0.02
16 0++00--00++00--0 8 8 0 0.56 0.41 0.30 0.23
000++-00-00++0++ 64 8 1 0.15 0.18 0.19 0.19
+00+0++00--0-00- 32 8 1 0.08 0.09 0.10 0.10
00+0++0+++0+00-+ 64 9 1 0.07 0.09 0.10 0.11
00-00+--0+0++0++ 64 9 1 0.07 0.09 0.10 0.11
18 00+00+0++00-00~0-- 36 8 0 0.17 0.16 0.14 0.12
0+0++00-00+00--0-0 36 8 0 0.17 0.16 0.14 0.12
04+00-004+00-004+00-0 6 6 0 0.15 0.11 0.08 0.06
00+0+++0+00+0++00- 72 9 0 0.15 0.15 0.15 0.14
00++0++0000--0--00 18 8 0 0.08 0.08 0.07 0.06
0++000++00--000--0 18 8 0 0.08 0.08 0.07 0.06
000+ +0+++0-0--00++ 72 10 0 0.06 0.07 0.08 0.08
20 +000++00-00-00++000+ 40 8 0 0.11 0.08 0.06 0.05
+4+000++0+00++0+00-00 80 9 0 0.09 0.08 0.07 0.06
+0+++000++0+00+00-00 80 9 0 0.09 0.08 0.07 0.06
+00+0++0+0--00+00-00 80 9 0 0.09 0.08 0.07 0.08
00++00--0000++00--00 20 8 0 0.05 0.04 0.03 0.03
00++0+00+00-00-0--00 20 8 0 0.05 0.04 0.03 0.03
00++00---0+0++00~-00- 80 10 0 0.04 0.04 0.04 0.03
00++00---0-00++0+00- 80 10 0 0.04 0.04 0.04 0.03
00++0+0-—-0-00-00++0 80 10 0 0.04 0.04 0.04 0.03
00++0+++0-00++00--00 80 10 0 0.04 0.04 0.04 0.03
22 00+00-00+0000-00+00-00 22 6 0 0.08 0.05 0.03 0.02
00+00-00+00+0+00-0~--00 88 8 0 0.06 0.04 0.03 0.03
004+00+0++0000-00-0--00 44 8 0 0.03 0.02 0.02 0.01
00+0++00~-0000+00~--0-00 44 8 0 0.03 0.02 0.02 0.01
0++0+0000+00--0-0000-0 44 8 0 0.03 0.02 0.02 0.01
00++00-00-00+00+00--00 44 8 0 0.03 0.02 0.02 0.01
0++000+00+00--000-00-0 44 8 0 0.03 0.02 0.02 0.01
0+00--000-00+00--000-0 44 8 0 0.03 0.02 0.02 0.01
0+00+0+00+00-00-0-00-0 44 8 0 0.03 0.02 0.02 0.01

2 Configurations listed account for the following fractions of Z_ at 300 K: n = 10, 0.99; n = 12, 1.00; n = 14, 0.99; n = 16, 0.92; n = 18, 0.87;

n = 20, 0.66; n = 22, 0.32.

at n = 10 are listed in Table II.) There are two major
configurations at n = 12, but a single configuration is
dominant at n = 14. The chain with n = 14 is the smallest
molecule that can achieve ring closure without recourse
to the “pentane effect”. This configuration of the ring
therefore dominates the ensemble because w does not occur
in its statistical weight. At n = 16, there is also only one
configuration that achieves ring closure without encoun-
tering the pentane effect, and that configuration accounts
for over half of the configuration partition function of the
ensemble at 300 K. Larger rings have several different
ways of achieving ring closure without the pentane effect.
For this reason, no single configuration is dominant when
n is 18 or larger.

Temperature Dependence. Table III presents the
temperature dependence of the populations of the major
configurations. The most interesting temperature de-
pendences are seen in the rings with 14 and 16 bonds. The
first entries for these rings account for 93% and 56%,
respectively, of the configuration partition functions at 300
K. These configurations dominate all others at low tem-
peratures because the absence of a factor of w gives them
the largest statistical weights. However, as temperature
increases, there is an increasingly vigorous competition by
the larger number of configurations with w in their sta-
tistical weights. Therefore the population of the dominant

configuration is sensitive to temperature over the range
300-450 K when n is 14 or 16.
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Excited Triplet State of Carbazole Chromophore and the Triplet
Energy Migration in Poly[(carbazolylethyl methacrylate)-co-
(methyl methacrylate)] Film
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ABSTRACT: Triplet excimer formation and energy migration among carbazole chromophores in poly-
[(carbazolylethyl methacrylate)-co-(methyl methacrylate)] film were investigated by measuring phosphorescence.
The use of the copolymer gave a polymer matrix with a high chromophore concentration but with uniform
distribution of the carbazole moiety. Three triplet species were observed depending on the concentration
of chromophore: monomer (M¥), shallow trap (*T*), and triplet excimer (3E*). Triplet energy migration
occurs at concentrations higher than 0.9 mol L™, where the average distance of chromophore is about 1.2 nm.
This energy transport brings a drastic change in the spectra from M* to ’E*, Pulsed excitation gave a clear
rise of sensitized phosphorescence from a triplet energy acceptor, 1,4-dibromonaphthalene. The diffusion
coefficient of triplet energy (D) was found to be on the order of 10™° cm? 5! by evaluation from the rise time.
Concentration dependence of D indicated that the energy hopping takes place with the electron-exchange

mechanism.

Introduction

Photophysical processes of the carbazole chromophore
have been the center of much attention from the funda-
mental as well as the application standpoint. Many
workers have investigated the electronically excited states
and their dissipation processes in poly(vinylcarbazole) and
its dimeric model compounds.’”1® In the triplet state as
well as in the singlet state, the carbazole chromophore is
said to form the excimer that is an excited dimer between
an excited chromophore and a ground-state one.}

Compared with the singlet state, the knowledge on the
triplet state is poor, because of the weak phosphorescence
emission from the triplet state. But a large part of the
excited energy dissipates to the ground state via the triplet
state, and the fraction often exceeds a half of the excited
chromophores. Thus, the triplet state is important when
discussing the photofunctional properties of polymer solids.

Triplet-state behavior of many aromatic molecules be-
sides the carbazole chromophore has been studied, e.g.,
naphthalene and phenanthrene.!>!* The data obtained
on these polymer systems indicate that there are two
critical factors deciding the behavior of excited states in
polymers, where the chromophores are fixed in a matrix
at an extremely high concentration.!™?? The first factor
is trap-site formation. In a glassy solvent, the phos-
phorescence spectra from polymers often shift to the red
side about a few nanometers; it is said to be a shallow trap
formed between two neighboring chromophores on the
polymer chain. Some polymer films show broad and red-
shifted spectra, which are much like the fluorescence
spectra of a singlet excimer. This was assigned to a triplet
excimer, which acts as a deep trap of triplet energy. The
second factor is migration of triplet energy. By triplet
energy migration, an efficient energy flow occurs from
donor molecules to a small amount of acceptor molecules
or trap sites, which is called “sensitization”. These two
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primary factors should be understood when discussing the
photophysical processes in polymer systems.

After the detailed studies by Klépffer et al.,!! poly(vi-
nylcarbazole) and its analogous polymers were widely in-
vestigated by using the time-resolved spectroscopic tech-
nique.®% Especially, Burkhart et al. showed the existence
of several triplet species in poly(vinylcarbazole) film and
studied their behavior in a wide range of temperature.?
Another effective approach has been carried out by mod-
ifying the chemical structure of polymers whose pendant
chromophores were linked to the polymer chain in a form
0 as not to satisfy Hirayama’s n = 3 rule.?%® These
polymer structures weaken the interaction between chro-
mophores and make the excited species simpler than those
of poly(vinylcarbazole).

Copolymerized samples containing various amounts of
the chromophoric monomer in a spectroscopically inert
comonomer give another variation for the study of pho-
tophysics in polymer systems. Concentration dependence
is an important factor to be scrutinized for the excimer
formation and energy transfer processes. Both the phe-
nomena result from the interaction of chromophores, that
is, they are mainly governed by the distance of separation.
However, in polymeric systems, homopolymers impose a
fixed and vague local concentration. By the use of a series
of copolymers prepared from a similar kind of meth-
acrylate monomer, we can observe the nature of triplet
states in the polymer solid as a function of the chromo-
phore concentration. The investigation in this system will
give an insight into the triplet state behavior in a wide
range from an isolated chromophore to the highly con-
centrated systems where many interchromophoric pro-
cesses take place.

Experimental Section

Materials and Sample Preparation. The monomer, 2-(9-
carbazolyl)ethyl methacrylate (CzZEMA), was synthesized by es-
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