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Abstract

Emission spectra, fluorescence polarization, quenching and lifetime measurements were performed on dilute solutions of poly(N-vinyl
carbazole) and N-vinyl carbazole/styrene copolymers to study the intramolecular energy transfer between carbazole groups along the polymer
chain. Fluorescence anisotropy values for the samples dissolved in a PMMA solid matrix and quenching measurements in toluene by CCly
were used to estimate the efficiency of energy transfer as a function of the monomer molar composition. Analysis of the experiments suggests
that the copolymer with the highest carbazole content, which corresponds to the highest amount of carbazole excimers, does not show the highest
energy transfer efficiency. Intramolecular excimers which strongly increase with the carbazole content and that are mainly due to carbazole—
carbazole monomer sequence interactions undoubtedly act as energy transfer traps. Molecular dynamics simulations on isotactic and syndio-
tactic copolymer fragments were used for obtaining different parameters related to the energy transfer process as a function of the number

of styrene monomer units between vinyl carbazole ones.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

There are many possible applications for photoconductive
polymers [1]. A prototype of these materials is the poly-
(N-vinyl carbazole), PVCz, which is also one of the polymers
whose photophysics in solution and in the solid state has been
more widely studied [2]. In addition to the monomer band,
fluorescence emission of PVCz consists of two excimer spe-
cies that appear at ~370 nm and ~420 nm. Such species arise
from those conformations where face-to-face carbazole (Cz)
groups partially and totally overlap [2—7]. Photophysical
processes like energy transfer and/or energy migration and
excimer formation significantly influence its photoconductive
properties. Energy migration is an important way for increas-
ing the excimer population sites, but at the same time these
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excimers act as traps for this energy migration decreasing
the efficiency of energy transfer and therewith photoconduc-
tion [8—13]. Decreasing the excimer-forming sites without
diminishing the chromophore density would be an ideal
manner for improving the efficiency of the carrier generation
and photoconduction.

We have reported several studies on energy transfer and
energy migration for homopolymers (polyesters), some copoly-
mers and bi- and trichromophoric model compounds with
different chromophore types [13—22]. These studies are usu-
ally a combination of experiments and molecular modeling.
Theoretical calculations allow us to rationalize the efficiency
of experimentally obtained energy transfer between chromo-
phores by assuming the experimental Forster radius. One of
our most recent works [22] was performed on polyphospha-
zenes containing phenoxy and binaphthoxy chromophoric
groups. Results suggested that 100% of the excitation energy
of the phenoxy groups is transferred to the binaphthoxy groups
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and that this energy migrates among binaphthoxy groups along
the polymer chain. The lack of binaphthoxy excimers, due to
the non-stability of such excimers [23], makes the energy mi-
gration to increase monotonically with the content of binaph-
thoxy groups. However, the studies of the energy transfer
between Cz groups in N-vinyl carbazole/MMA copolymers
suggested that the chains with the highest Cz content do not
show the highest efficiency for the singlet-energy transfer. Intra-
molecular excimers, which are mainly due to Cz—Cz sequences
in the polymer chain, act as energy migration traps [13].

This work reports a study of the intramolecular singlet-
energy transfer between Cz groups for N-vinyl carbazole/
styrene copolymers of different monomer compositions.
Fluorescence anisotropy and quenching by CCl, measurements
for dilute solutions of the samples in a rigid PMMA matrix and
in THF, respectively, allow us to obtain parameters related to the
efficiency for the energy transfer process between Cz chromo-
phores and their dependence on the number-average sequence
length of the styrene units. Molecular dynamics simulations
were also performed on isotactic and syndiotactic trichromo-
phoric oligomers of the type CH;—A—CH,—B,,—A—CH,—
B,,—A—CH; where A=—CHCz—, B =—CH(C¢Hs)—CH,—
and m =0-5, 10 and 15, with the objective of rationalizing
the experimental behavior.

2. Materials, instrumentation and methods
2.1. Samples and solvents

Poly(N-vinyl carbazole), PVCz and N-vinyl carbazole/
styrene copolymers were synthesized from N-vinyl carbazole
(VCz, Aldrich, 98%, recrystallized x2 from methanol) and
styrene (ST, Merk 99%, distilled under vacuum) monomers
by free radical polymerization in the presence of AIBN
(Across, 98%) as described elsewhere [7]. In brief: a toluene
deoxygenated (15 min bubbling with N,) solution mixture of
VCz, ST and AIBN (10> g/g of reactive mixture of mono-
mers) was heated under N, atmosphere (70 °C, 10 h). The
content was precipitated in cold methanol (Panreac, reagent
grade) and filtered. The product was washed several times
with petroleum ether (Scharlau, reagent grade). It was then
precipitated (x2) from p-dioxane into petroleum ether in an
ice bath. After 20 h it was again filtered and dried (vacuum,
at ~30 °C). Purity was checked by UV/vis and 'H NMR.

In the remainder of the manuscript copolymers will be se-
quentially identified from P1 to P11 where the digit increases
as the carbazole (Cz) content decreases. PO and P12 are as-
signed for PVCz and polystyrene (PS) homopolymers, respec-
tively. Composition determined by elemental analysis of N, C
and H content provides: P1 (N = 6.90,C = 86.96,H = 5.81); P2
(N=6.29, C=85.79, H=6.17); P3 (N=4.96, C=287.75,
H=6.63); P4 (N=4.63, C =88.32, H=6.53); P5 (N =3.66,
C=288.58, H="7.19); P6 (N =3.40, C =88.43, H="17.23); P7
(N=2.74, C=89.41, H=17.39); P§ (N=1.77, C=90.15,
H=7.25); P9 (N=1.54, C=90.45, H=7.30); P10 (N=
0.78, C=89.12, H=7.39); P11 (N=0.18, C=91.97,
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Fig. 1. Composition diagram for N-vinyl carbazole/styrene copolymerization:
fi mol fraction of i monomer in feed; F; mol fraction of i monomer in
copolymer [VCz([J) and ST(O)].

H=7.75). The monomer reactivity ratios (MRR) of VCz(r)
and ST(r,) were obtained by Fineman—Ross [24] and Kelen—
Tiidos [25]. Both methods gave analogous values; | =0.10,
r,=6.31 and r; =0.16, r, =7.18, respectively, and they are
also very similar to the ones reported previously by us [7].
The dependence of the copolymer composition on the mono-
mers feed is depicted in Fig. 1. Table 1 collects the feed and
copolymer compositions, and the number-average sequence
length of the VCz(7;) and the ST(7,) monomer units [26].

Ethylcarbazole (ECz, Aldrich, 98%, recrystallized x2 from
methanol) and ethylbenzene (EBz, Fluka, >99%, as received)
were used as model compounds. Commercial PS (Aldrich,
MW =32,600) was used as P12. Methyl methacrylate
(MMA stabilized with methylhydroquinone, Acros, 99%) dis-
tilled under vacuum was used for the preparation of the dilute
polymer solutions in glassy PMMA matrices. CCl, used as
fluorescence quencher (Aldrich, spectrophotometric grade),
THF (Aldrich, spectrophotometric grade) and MMA (previ-
ously distilled under vacuum) were checked for impurities
by fluorescence before using.

The preparation of the diluted polymer PMMA solid samples
was carried out as follows [14]: ~3 mL of a fresh solution of
the polymer (absorbance ~0.3 at 294 nm) in the distilled

Table 1
Feed (f) and copolymer (F) compositions, and number-average sequence
length, 77 of VCz(1) and ST(2) in copolymers

Polymer fi b Fy F, n n

PO (PVCz) 1.000 0.000 1.000 0.000 0 0.0
P1 0.990 0.010 0914 0.086 14.1 1.1
P2 0.950 0.050 0.779 0.221 35 1.4
P3 0.880 0.113 0.539 0.461 2.0 1.9
P4 0.842 0.158 0.487 0.513 1.7 23
P5 0.790 0.210 0.355 0.645 1.5 2.8
P6 0.747 0.253 0.322 0.678 1.4 33
P7 0.693 0.307 0.246 0.754 1.3 4.0
P8 0.426 0.574 0.148 0.852 1.1 10.1
P9 0.355 0.645 0.127 0.873 1.1 13.2
P10 0.258 0.742 0.061 0.939 1.0 20.4
P11 0.195 0.805 0.013 0.987 1.0 28.8
P12 (PS) 0.000 1.000 0.000 1.000 0.0 %
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MMA were introduced into a test tube (@ = 22.5 mm). O, was
removed by immersing the tubes in an ultrasonic bath
(30 min) followed by dry N, bubbling through the solution
(12 min). Polymerization was carried out in the presence of
AIBN (~ 102 g/g MMA, at 65 °C for 19 h). Transparent solid
samples were retrieved by breaking the test tube.

2.2. Instrumentation and methods

Absorption spectra were recorded in a Lambda 35, Perkin
Elmer UV/vis spectrophotometer. Steady-state fluorescence
measurements were performed with a SLM 8100 Aminco
spectrofluorometer equipped with a Xe lamp, a double mono-
chromator in the excitation and emission paths and a cooled
Peltier system photomultiplier. Excitation and emission slit
widths were 8 nm. Polarizers were set to magic-angle condi-
tions. Fluorescence decay measurements were performed on
a TCSPC FL900 Edinburgh Instruments spectrometer, equip-
ped with a thyratron gated lamp filled with H,, two concave
gratings monochromators at both the excitation and emission
paths, and a red-sensitive photomultiplier immersed in a Peltier
cooled housing. Slits were set to 18 nm bandwidth. The data ac-
quisition was carried out with 1024 channels and a time window
width of 125 ns with a total of 10,000—15,000 counts in the
peak. Instrumental response functions were regularly achieved
by measuring the scattering of a Ludox solution. Intensity fluo-
rescence profiles were fitted to the usual multi-exponential
decay functions by the iterative reconvolution method [27] as

1(t) = ZA,-e"/T" (1)

where A; is the pre-exponential factor of the component with
a lifetime 7; of the multi-exponential function intensity decay.

Right-angle geometry, rectangular 10-nm path cells and
a temperature of 25 °C were used for the measurements in aer-
ated dilute fluid solutions. Absorbances at the excitation wave-
length of 294 nm (only Cz groups excited) were in the 0.1—0.2
range. Solvent baselines were measured and subtracted from
the steady-state fluorescence signal. Front-face illumination,
an incident beam forming 60° with the surface and room tem-
perature, was used for fluorescence depolarization measure-
ments of the polymer PMMA solid samples. The estimated
polymer concentration in fluid solution was very small, around
4—7 %1073 g/L, to avoid intermolecular interactions. The
concentration in the PMMA matrix was approximately one
order of magnitude larger.

The fluorescence depolarization measurements for the sam-
ples in solution were obtained by the well-known ‘Single-
Channel or L-format” method [28]. Thus the anisotropy r
was defined as:

r= (]VV — G]VH)/(IVV + ZGIVH) (2)

where I, is the intensity of the emission that is measured when
the excitation polarizer is in the position x (V for vertical, H for
horizontal), the emission polarizer is in the position y, and the
G factor (=Iyv/Iyy) corrects for any depolarization produced

by the optical system. For dilute solutions of polymers in a
rigid medium, where rotational diffusion and conformational
change rates are diminished, a decreasing of the fluorescence
anisotropy means an increasing of energy transfer.

Fluorescence quenching has also been used to estimate the
efficiency in the intramolecular transfer and energy migration
processes in polymers, including those containing Cz groups,
dispersed in dilute fluid solutions [12,13,29—31]. If an individ-
ual excited species is quenched by dynamic quenching with
a quencher Q, the steady-state Stern—Volmer quenching
constant Kgy, which provides a measure of the efficiency of
quenching, is given by

Lo 14 Klo) = 1 kool o)

0

where Fy and F are the values of fluorescence quantum yield
(¢), intensity (/) or lifetime (7) in the absence and presence
of a given concentration of quencher [Q], kq is the bimolecular
quenching constant, and 7, is the excited-state lifetime in the
absence of Q. Eq. (3) is strictly applicable to the quenching of
an individual species [32].

For P# excited states whose fluorescence intensity decays
are multi-exponential, 7 is usually taken as a weighed average
of the individual components of decay function as

AT

=i

)

Eq. (4) assumes that each lifetime component is due to inde-
pendent species. Assuming that each component is indepen-
dently quenched with the same kq, then Fy/F is related to
the [Q] as [13]:

= 1+ k(7)o [0 )

The modified Smoluchoswki—Finstein [33] equation can
be used to interpret kq:

kg =4NAR(Dc + Do+ An)y (6)

where D¢ and D, are the diffusion coefficients of the excited
chromophore and quencher, respectively (Dcc, =1.51%
1073 cm? s’l) [34]; R is the collisional radius for the excited
species and Q, 4, is the singlet-energy migration coefficient
and vy is the quenching probability per collision. Assuming
that v and R are the same in all polymer samples, Dc = 0
for Cz linked to the polymers and that A, = O for the copol-
ymer with the smaller Cz content, P11.Then the following
equation is obtained

kP# iy
Am = Dcq, (kag
Q

Ay, is directly related to the Cz—Cz efficiency of energy
transfer.

(7)
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Fig. 2. Initial trans conformation for the isotactic and syndiotactic fragments (m =5) simulated by MD.

2.3. Molecular dynamics (MD) details

The 1ns MD simulations were performed at 600 K by
using Sybyl 6.6 [35] with ground state parameters of Tripos
Force Field [36]. As MRR are r, >> r;, the calculations
were carried out on (100%) isotactic and syndiotactic oligo-
mers containing three VCz units separated by 1—5, 10 and
15 ST ones. Fragments, one of them being depicted in
Fig. 2, are of the type CH;—A—CH,—B,,—A—CH,—B,,—
A—CH; where A =—CHCz—, B = —CH(C¢Hs,—CH,— and
m=0-—5, 10 and 15. For the potential energy the sum of
bond stretching, angle bending, torsional, van der Waals, elec-
trostatics and out-of-plane energy contributions were assumed.
The simulations were started on minimized (simplex algo-
rithm, conjugate gradient with 0.2 kcal/mol A) all mrans
conformations similar to the one depicted in Fig. 2. The
probability of the conformations which satisfy some special
requirements is obtained as the fraction of these conformations
from total ones. More details about, charges, geometry and
methods were reported elsewhere [7].

Three parameters related to the Cz—Cz energy transfer
efficiency from the analysis of the trajectories of trichromo-
phoric fragments were calculated, namely:

(a) The probability P(R) of finding the center of the pyrrole
ring of one CZ/, involved in the Cz—CZ' interaction, within
a sphere of radius R centered at the center of pyrrole ring
of Cz group.

(b) The k*P(R) product, where «? is the orientational factor for
fixed absorption and emission dipole transition moments
along the axis passing through the center of the pyrrole ring
and N atom. Both P(R) and /<2P(R) parameters were the nor-
malized sum of two possible Cz—Cz adjacent interactions.

(c) The efficiency of the energy transfer process can be
obtained as

&
@ETWZ<1+

i=1

(2/3)R6)‘

206
K*R§

(8)

Ry is the experimental Cz—Cz Forster radius value of 20 A
obtained previously [13].

3. Results and discussion
3.1. Fluorescence measurements

Fig. 3 depicts absorption spectra for ECz and EBz model
compounds and one copolymer (P4). Other P# shows features
similar to those of P4, with distinguishable bands around 262,
294, 331 and 345 nm in THF. Homopolymers PO and P12
show spectra very similar to ECz and EBz model compounds,
respectively. The location of the bands does not seem to signif-
icantly change upon changing copolymer composition.

Fig. 4 shows emission spectra for ECz and PO—P11 in THF
fresh dilute solutions and in the solid PMMA matrix upon
excitation at 294 nm, wavelength at which only the Cz groups
are excited. The spectra for ECz exhibit peaks located at

Absorbance (a.u.)

T v T T T T T T T
260 280 300 320 340 360
A (nm)

Fig. 3. Absorption spectra for EBz (—), ECz (- - -) and copolymer P4 (— —) in
THF at 0 °C.
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Fig. 4. Emission spectra for P# and ECz normalized at the maximum of mono-
mer band observed for ECz. Spectra are collected for (a) dilute solutions in
THF and (b) ECz and P#-PMMA solid samples at room temperature. Excita-
tion is at 294 nm.

~352 and ~367 nm, with a shoulder at ~385 nm. The spec-
tra for PO—P11 are normalized at the maximum of the mono-
mer high energy band obtained for ECz. Emission spectra for
PO—P11 show a broadening to the red of the monomer band
observed for ECz. This broadening, which is more evident
for the first members of the P# series (n; > 2), is due to intra-
molecular excimer emission. The placement and relative
intensities of the excimer bands depend on the composition
of the copolymer and on the nature of the medium. In general
the excimer emission intensity monotonically decreases as
the Cz content decreases. The last four members of the co-
polymer series, P§S—P11, have emission characteristics very

(a)

0.4

Aem =367 nm

0.3 ECz -

280 300 320 340
A (nm)

(b)
0.4

similar to those seen with ECz. These four copolymers have
a VCz unit content below 15 mol% and their number average
sequences of VCz and ST units are n; =1 and (n, > 10), re-
spectively (Table 1). The VCz units tend to be quite separate
in PB—P11. These results indicate, as with other carbazole co-
polymers [6,7,13], that Cz—Cz sequences are responsible for
most of the excimers. Another observation is that chain dy-
namics significantly contributes to the intramolecular excimer
population as the amount of excimers for P# is always consid-
erably larger in the fluid media than in the rigid PMMA.

EBz emission spectrum show a single band located at
~285 nm, PS, however, exhibits bands placed at ~285 and
335 nm from the monomer and excimer emissions, respectively.
When P1—P11 are excited at 262 nm (both Bz and Cz chromo-
phores are simultaneously excited) normalized emission spectra
are very similar to the one obtained upon 294 nm excitation.
No emission at all is obtained from ST units. This takes place
whatever the composition and the solvent used. Results indicate
a 100% efficiency for Bz — Cz energy transfer.

The left panel of Fig. 5 depicts the excitation spectrum for
ECz and the excitation anisotropy spectra for ECz, PO as well
as some copolymers measured in the solid PMMA matrix at
room temperature with emission fixed at 367 nm. This wave-
length was placed at one peak, 17 nm toward the red of the
monomer band to avoid interference from scattered exciting
light. Excitation spectra for P# are very similar and exhibit
characteristics matching the absorption spectra, showing bands
placed (in the wavelength range shown) at approximately 294,
332 and 344 nm. Bands placed at ~ 345 and 295 nm for Cz are
the (0,0) transitions from the ground to the first and second
excited singlet states of Cz. They are known as 'L, < 'A
and 'L, < 'A transitions, respectively [37,38]. For these elec-
tronic transitions, the absorption oscillators are in the plane of

Aex = 335 nm

0.3

360 380 400 420
A (nm)

Fig. 5. (a) Fluorescence excitation anisotropy spectra for ECz, PO homopolymer and P4, P7 and P11 copolymers in the PMMA solid matrix obtained with the
emission at 367 nm. The dashed line depicts the excitation spectrum for the ECz sample at the same experimental conditions and (b) fluorescence emission an-
isotropy spectra upon excitation at 335 nm for ECz, PO, P4, P7 and P11 and emission spectra (dashed lines) for ECz and PO in the PMMA solid matrix at room
temperature. Symbols correspond to: ECz (), PO (A ), P4 ((J), P7 (), P11 (%).
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Table 2
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Average of the anisotropies 7 at different pairs of excitation and emission wavelengths where 'L, < 'A and 'L, — 'A transitions are involved, obtained from the
emission and excitation spectra of the vitrified ECz, PO—P11 PMMA samples

Aem =352, Aex =333 £5

Aem =367, Aex =345 £5

Aem =367, Aex=332%5

Aex =335, Aem =350£5

Aex =335, Aem =364+ 5

ECz 0.1924+0.034 0.287 +£0.025 0.177 +£0.022 0.209 +£0.017 0.168 4 0.008
PO 0.099 4 0.022 0.052 4 0.009 0.038 - 0.005 0.166 =0.115 0.0534+0.010
P1 0.154 +0.054 0.041 +0.003 0.040 £ 0.001 0.200 +0.170 0.039 4+ 0.009
P2 0.090+0.018 0.0334+0.010 0.037 4+ 0.004 0.1524+0.096 0.051+0.011
P3 0.016 +0.005 0.014 £ 0.006 0.008 £ 0.002 0.042 +0.059 0.009 £ 0.002
P4 0.037 4+ 0.009 0.028 4 0.003 0.020 & 0.003 0.067 +0.052 0.028 4 0.006
P5 0.026 & 0.006 0.022 +0.003 0.016 +0.002 0.051 +0.044 0.021 +0.004
P6 0.031 4 0.007 0.027 4 0.002 0.019 4 0.002 0.064 - 0.048 0.032 4 0.005
P7 0.039+0.012 0.036 +0.010 0.022 £+ 0.002 0.036 +0.037 0.014 +0.002
P8 0.027 4 0.009 0.018 4 0.005 0.01140.002 0.0354+0.037 0.015+0.001
P9 0.026 £ 0.006 0.029 £ 0.006 0.017 +0.002 0.040 +0.036 0.019 +0.002
P10 0.043 4 0.006 0.054 4 0.007 0.040 & 0.003 0.059 +0.034 0.044 £ 0.002
P11 0.110+0.020 0.128 +0.010 0.079 +£0.010 0.122 +0.027 0.092 £+ 0.007

Values of 7 are obtained from the averages of r in the range of 10 nm around the specified values of the excitation and emission wavelengths (in nm).

the ring system and perpendicular to each other. The fact
that the Cz monomer emission (0,0) band corresponds to
a 'L, — "A transition is a consequence of the anisotropy signs
at the excitation wavelength of ~295 nm (r < 0) or ~345 nm
(r > 0) when the emission is fixed to the maximum of the mono-
mer band or close to it, as shown in the left panel of Fig. 5. How-
ever, whatever the anisotropy signs, PO—P11 exhibit absolute
values of r at the wavelength of such transitions that are smaller
than those for the ECz model compound. The value of r strongly
depends on the copolymer composition. The right panel of
Fig. 5 depicts the emission spectra for ECz and PO and the emis-
sion anisotropy spectra for ECz, PO as well as some copolymers
upon excitation at 335 nm. The “intrinsic” parallel orientation
of the absorption and emission transition moments is also re-
sponsible for the positive r values observed for the anisotropy
emission spectra. The largest r value is again obtained for
ECz. PO—P11 always have smaller values.

Table 2 lists the values of r for ECz and P#PMMA solid
samples at different pairs of excitation—emission wavelengths
where lLb «— 1A and lLb — 'A transitions are involved. Such

centered on the wavelength stated. The largest anisotropy
values were obtained for the ECz model, for which energy
transfer at this chromophore concentration is not possible. In
a rigid medium the degree of depolarization is related to the
extent of energy transfer or migration between chromophores
attached to a polymer chain, the isotropy, ', being propor-
tional to the extent of this process.

The three panels in Fig. 6 show the isotropy values for
PO—P11 relative to that for the ECz, rp)/rgé, as a function
of n, obtained at different excitation—emission wavelength
pairs. Absolute values of 75 /rgt, obviously depend on the
selected wavelengths, but plots look very similar. PO and
the first members of the series with the largest Cz content
and Cz—Cz sequences do not show the highest 15 /rg¢,. In
fact, rp. #1& /rgd, initially seems to increase monotonically with
ny from PO(n, = 0) until somewhere between P4 and
P7(n,= 2—4and n; < 2) and it definitely decreases from
P8(n,= 10) through P11(n,=29). The largest rp}/rgd, ra-
tios, and therefore the highest efficiency for Cz—Cz energy
transfer, are obtained for the polymers that have the highest

data were obtained by sampling over a 10-nm window Cz content but hardly have Cz—Cz sequences. Cz—Cz
25 20
15 - Aem = 352 nm Aem = 367 nm Aex = 335 nm
Aex =333 nm Aex = 345 nm Aem =367 Nm
20 -
15
Ty 107 15 %
&
S 10 4
| ?
& 10 % ]
54
7 5.
5 Q % s
£ B o o
0-— T T T T T 01— T T T T T 01— T T T T T
0 5 10 15 20 25 30 0 10 15 20 25 30 0 5 10 15 20 25 30
y iy m

Fig. 6. Average of the isotropy values relative to the one for the ECz model compound, 7;; /7gd, vs. iy for PO—P11 in vitrified PMMA at the specified excitation
and emission wavelengths. Aex =333 nm, Aepy, = 352 nm ([); Aex = 345 nm, Aepy, = 367 nm (O); Aex = 335 nm, A, = 367 nm (). Averages were obtained from

Table 2.
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sequences are mostly responsible for the excimer formation
[6,7].

Fluorescence anisotropy  was also obtained upon simulta-
neous excitation of the Bz and Cz chromophores (262 nm) by
fixing the ECz monomer band emission (354 nm). The value
for ECz is negative (r = —0.1385 % 0.0005). The ones for PO—
P11 seem to slightly decrease upon increasing the ST content
(rp, = —0.0317 4 0.0023 and rp,, = —0.0449 £ 0.0003). The
interpretation of this behavior is not easy, as several energy
transfer processes (Bz — Bz, Bz — Cz and Cz — Cz), which
depend on polymer composition, are involved.

Quenching experiments for ECz and PO—PI11 in THF at
25°C by CCly were carried out by selecting 352 and
386 nm as emission wavelengths upon excitation at 262 and
294 nm. Analysis was achieved from lifetime measurements.
Stern—Volmer plots, (7)/(ro) vs. [CCly] for ECz and P#,
which are not shown, were reasonably linear in the whole
[CCl,] (0—60 mM) range. Table 3 lists the values of Kgy con-
stants as well as lifetime averages in the absence of the
quencher, (7o) obtained with Eq. (4), at the two emission
wavelengths where the monomer and the excimer are domi-
nant. Fluorescence decays for ECz in the absence (or pres-
ence) of quencher upon excitation at 294 nm, when the
emission is monitored at 352 or 386 nm are mono-exponential,
with very similar lifetimes (~9 ns at [CCl4] = 0). PO and co-
polymers show more complicated decays which can be fit to
three-exponentials. PO (at [CCly] =0), shows three lifetimes
of 0.9 ns (1.3 ns), 5.1 ns (6.2 ns) and 19.0 ns (19.0 ns) at the

Table 3

Stern—Volmer constants, Ky and average lifetime in the absence of quencher,
(7o) upon excitation at 262 and 294 nm by collecting the emission at 352 and
386 nm (italic)

Sample  Kgy (M) (7o) (ns)
Aex =262 nm Aex = 294 nm Aex =262 nm Aex = 294 nm
ECz 82.6+1.3 67.7+£5.6 10.9 8.2
70.3+0.1 76.7+5.8 9.8 9.0
PO 68.7+0.9 101.7 £ 6.1 9.6 12.8
65.6+1.0 928+39 11.1 14.1
Pl 744+1.2 75.0+1.0 9.3 9.2
744+1.3 785+1.3 112 11.8
P2 100.1 2.2 122.3+3.9 10.3 12.3
108.6 £ 3.3 129.7 £4.8 14.0 16.3
P3 70.9 £ 1.8 80.9 £2.1 7.1 8.0
745+ 1.1 80.8+2.0 9.9 10.7
P4 148.1+£9.8 82.0+2.5 14.7 9.1
79.8+2.6 94.7 +4.1 11.0 12.7
P5 523+ 1.4 57.0+£2.5 6.6 7.1
62.7+2.6 65.5+39 8.8 9.2
P6 96.6 £ 6.1 96.2 +£6.2 11.7 11.8
104.3+8.2 106.5 +8.1 144 14.6
P7 61.2+3.0 92.2 +38.1 8.2 10.6
728+ 3.1 954+6.3 10.2 12.9
P8 68.1 £4.0 68.9+3.1 11.0 10.8
73.0+4.0 724+3.5 11.9 11.8
P9 81.4+4.8 80.9 +4.8 12.6 12.5
85.6+57 85.7+57 13.8 13.7
P10 759+7.1 749 +£6.5 13.7 13.4
778+7.7 76.9+7.1 144 14.0
P11 56.4+3.1 66.1+1.2 12.8 13.0
255+15 56.8+1.8 7.10 11.8

emission of 352 nm (386 nm). For P1—P11, when decreasing
(increasing) the VCz (ST) content several facts are observed:
(a) the fastest component increases from 0.9 ns (PO) up to
the value of 6—8ns (P11), but its contribution decreases
from 60—65% (PO) up to 10—20% (P11); (b) the intermediate
component increases from the value of 5—6 ns (P0O) up to the
value of ~13 ns for P11. Its contribution also increases from
~20% up to 70—80% (P11); and (c) the slowest component,
which does not have any special trend, maintains its value in
a wide 19—28 ns range and its contribution decreases from
15—20% up to O for the last member of the series. This last
component, because its contribution increases upon increasing
emission wavelength and hardly appears for the member of the
series with less Cz content, can be attributed to the excimers.
The fastest one could be ascribed to the monomers that are
part of Cz—Cz sequences and which are quenched by excimer
formation. Their contribution is obviously more important for
the first members of P# series. Several authors attribute the
intermediate one to the isolated Cz units along the chain.
The decreasing of the component for the copolymers with
higher Cz content is due to the enhancing in quenching by
the Cz—Cz energy transfer. This explanation is quite similar
to the one proposed by other authors including us [5,13] for
other Cz containing copolymer systems.

Fig. 7 depicts singlet-energy migration rate A, (cms™')
values obtained by using Eq. (7) for several pairs of excitation
and emission wavelengths vs. the number-average sequence
length 7n,. All polymer samples (with the exception of
P11 which was taken as a model with A,, = 0) show values
of Am > 0. These results also indicate the presence of energy
transfer processes along the polymer chain which strongly
depend on n;. A, seems to show a similar trend with n; as
the fluorescence isotropy. /., and, therefore, the efficiency
of energy transfer increases with ny for the first members
and decreases for the ones with smallest Cz content. The max-
imum /, takes place for the intermediate members of the P#
series. PO and copolymers with the highest number of Cz—Cz
sequences, with the highest excimer formation, do not show
the highest energy transfer rate.

3.2. Molecular dynamics

Left panel of Fig. 8 shows the dependence of P(R), K*P(R)
and the efficiency @gron m for Ry =20 A, the value of Forster
radius for Cz—Cz transfer [13]. When R = R, P(R) and «*P(R)
take the value of 1 for m = 1—35 for both the isotactic and syn-
diotactic fragments. Both parameters are considerably smaller
for m =10 and 15. Thus energy transfer should be possible for
all conformations of m = 1—5 fragments. Obviously this does
not happen for m =10 and 15.

Fig. 8 (left) also shows the efficiency of the Forster transfer
@1 obtained from Eq. (8) as a function of m. @1 decreases
with m for both the isotactic and syndiotactic fragments.
This decreasing, however, is slightly larger for the isotactic
samples. This figure also depicts the probability of the confor-
mations that can adopt a sandwich geometry (or excimer)
between Cz groups [7]. Later results show that the probability
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Fig. 7. Singlet-energy migration rate A, (cms ') vs. the number-average sequence length of ST monomer units 7, upon excitation at 294 nm by selecting the
emission at 352 nm (O) or 386 nm ([J) (upper panels) or upon excitation at 262 nm by monitoring the emission at 352 nm (@) or 386 nm () (bottom panels).

for excimer formation decreases monotonically with m and it
is almost zero for m > 2. The highest probability for m =0
agrees with the fact that the largest amount for intramolecular
excimer formation occurs for PO. But the results also state that
most of the excimers should be due to interaction between Cz
groups in Cz—Cz adjacent sequences [7]. The probabilities for
excimers are almost zero when more than two ST units are
placed between Cz groups (m > 2).

@i calculations by Eq. (8) only take into account distances
and orientations between carbazole groups and they do not
consider the possibility that excimers could act as energy
transfer traps. If this were true, the efficiency of energy trans-
fer should be inversely proportional to the probability for ex-
cimer formation. The right panel of Fig. 8 shows the efficiency
for the energy transfer process obtained in a similar manner by
assuming that those conformations that fulfill the excimer
requirements are not capable of transferring the energy. Ac-
cording to these results energy transfer may increase with m
for m <2 and therefore decrease for m > 2. This behavior is
very similar to the experimental one. Experimentally the

amount of intramolecular excimers decreases with n, and
the efficiency of energy transfer passes through a maximum
somewhere around ny = 2—4. For the polymers with a high
content of Cz—Cz sequences, excimers act as energy traps,
inhibiting the process of Cz—Cz energy transfer.

4. Conclusions

The analysis of emission spectra, fluorescence depolariza-
tion and quenching measurements on N-vinyl carbazole/
styrene copolymers of different monomer compositions sug-
gests that, upon excitation of carbazole groups (or benzene
and carbazole simultaneously), an energy transfer process be-
tween carbazole groups along the polymer chain takes place.
The efficiency of this process depends on copolymer compo-
sition. However, the highest efficiency does not seem to corre-
spond to the copolymers with the highest carbazole content,
i.e. with the highest excimer formation. Intramolecular exci-
mers, which are mostly formed by interaction between
adjacent carbazole chromophores, undoubtedly act as energy
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Fig. 8. Left: P(R) (diamonds), K*P(R) (triangles) and the efficiency @gt (squares) for the Cz—Cz Forster transfer for the experimental value of R, (20 A) in isotactic
(open symbols) and syndiotactic (filled symbols) fragments as a function of m. Values of probability (circles) of intramolecular excimers, po, obtained from the
analysis of MD simulations (Ref. [7]). Right: efficiency of energy transfer obtained under the assumption that the excimer-forming conformations are not capable

of transferring the energy vs. m.

migration traps between carbazole groups. Molecular dynam-
ics simulations analysis on isotactic and syndiotactic copoly-
mer fragments supports most of the experiments. The results
lead to the conclusion that an increase in the density of carba-
zole chromophores in the polymers chain does not always
contribute in improving the efficiency of energy migration
between them.
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