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ABSTRACT: Proton nuclear spin-lattice (2'1) and spin-spin ( 2 ' 2 )  relaxation times have been measured for the se- 
ries of structurally related polymers poly(N-vinylcarbazole) (PVK), poly(N-ethyl-2-vinylcarbazole) (PZVK), and 
poly(N-ethyl-3-vinylcarbazole) (P3VK). Correlation frequencies derived from these measurements were used in 
conjunction with dielectric data (ref 11) to construct transition maps which exhibit details of molecular dynamics in 
these polymers. PBVK and P3VK exhibit a very efficient T1 minimum at low temperatures which is attributed to 
ethyl group rotation (6 relaxation). The T1 minimum associated with torsional libration (y relaxation) is more in- 
tense and well defined for PZVK and P3VK than PVK, indicating a larger amplitude motion and narrower distri- 
bution of correlation frequencies in the former. This is also substantiated by a gradual increase in Tz in P2VK and 
P3VK below T,. Somewhat lower activation energies for the a relaxation (main chain motions) in PPVK and P3VK 
indicate a looser polymeric structure than in PVK. The implications of the nature, frequency, and amplitude of the 
various motions for charge transport are discussed. 

There has been considerable interest in recent years in 
establishing correlations between the structural features of 
organic polymeric photoconductors and their electrical 
properties. In the absence of a detailed microscopic model 
of electronic transport in these materials a considerable 
amount of guesswork is necessarily involved in determining 
the most important structural and dynamical features. I t  is 
intuitively obvious, however, that the detailed ground and 
excited state energetics, charge distributions, relative nu- 
clear coordinates, and overlap between neighboring chro- 
mophores must be important considerations for transport 
in molecular solids. 

The most thoroughly characterized polymeric solid in 
this context is poly(N-vinylcarbazole) (PVK). Because of 
its electron donor properties holes can be photogenerated 
or photoinjected and transported through the material. 
Numerous papers have appeared on transport,' photogen- 
eration,2 s p e c t r o ~ c o p y , ~ ~ ~  and m ~ r p h o l o g y ~ - ~  in PVK. Con- 
siderable progress has been made in the theoretical aspects 
of transport by Scher and Montroll* who have developed a 
stochastic theory of transport in disordered solids. The 
physical interactions responsible for electron transfer be- 
tween neighboring chromophores or "sites" are of necessity 
treated phenomenologically and are still not well under- 
stood. Structural characterizations by proton NMR have 
been reported for the series of structurally related poly- 
mers PVK, poly(N-ethyl-2-vinylcarbazole) (P2VK), and 
poly(N-ethyl-3-vinylcarbazole (P3VK).9 In this study a 
variation in chemical shift of the aromatic protons was at- 
tributed to differences in steric interactions in the three 
polymers and a qualitative correlation with transport was 
observed. I t  is clear however that a much more detailed un- 
derstanding of the relationship between local time depen- 
dent spacial interactions and transport is needed. 

Studies of the dynamical features of polymer structure 
by NMR'O and dielectric" techniques have been undertak- 
en in order to characterize the nature, frequency, and acti- 
vation energies of local molecular motions in PVK. Internal 
molecular motions can cause fluctuations in electronic 
overlap, electronic energy levels, and dielectric fluctuations 
within the polymer and depending on their frequency and 
amplitude may be expected to influence the charge-trans- 
port process. The y relaxation in PVK was found to corre- 
spond to a low amplitude torsional libration about the 
backbone C to N bond.*OJ1 At room temperature the corre- 

lation frequency for this motion is -lo7 Hz which is of the 
order of the inverse residence time of a positive carrier 
(hole) on a carbazole group based on transit time measure- 
ments.12 Although there is a very wide distribution of hop- 
ping times according to the Scher-Montroll analysisE (time 
between arrival of hole on carbazole group and time of ar- 
rival on the next) the transit time characterizing the mo- 
tion of the fastest carriers probably describes the motion of 
the remaining carriers when they are not influenced by an 
extremely long hopping time. As the temperature is low- 
ered this motion will become slow compared to the resi- 
dence time of the carrier and if the modulation of the over- 
lap by this mechanism is appreciable a slight variation in 
activation energy for the process might be expected. The 
other molecular motions in PVK are too low in frequency 
to be of interest. In this paper correlation frequencies for 
internal motions in P2VK and P3VK are reported and 
compared with dielectric data on the same ~amp1es . l~  
These polymers differ from PVK in that two molecular mo- 
tions with correlation frequencies either comparable to or 
greater than the increase residence time are expected, i.e., 
torsional libration and ethyl group rotation. The influence 
of these various types of motion on transport properties 
will be the subject of a future report. 

Experimental Section 

The preparation of P2VK and P3VK used in these experiments 
was reported e1~ewhere.l~ GPC analysis for these polymers gave 
the following results (P2VK, Mn - 330 000, Mw/fin - 3.0; PBVK, 
M ,  - 202 000, Mw/Mn - 5.1). Evacuated samples were obtained 
by pumping the samples to - mm at 100°C for 12 hr. The 8 
mm O.D. NMR tubes were attached to nylon valves so that sam- 
ples could be re-equilibrated with oxygen or ambient at a later 
time. 

The NMR relaxation times were obtained on a Bruker SPX-90 
NMR spectrometer at 90 MHz. The magnetic field was generated 
by a 12-in. Bruker current regulated, shimmed electromagnet. The 
temperature was controlled by a gas flow system thermostated 
with a copper-constantan thermocouple and controlled to an accu- 
racy of &lo .  

Spin-lattice relaxation times were measured by the 180-7-90 
degree pulse technique.15 Values of the 7'1 were derived from a 
least-squares analysis of plots of In [ A ( = )  - A ( T ) ]  as a function of 
the interval 7 between 180 and 90' pulses, where A ( r )  is the ampli- 
tude of the free induction decay following the 90° pulse and A (a) 
is the value of A ( 7 )  for the infinite time interval. 

Spin-spin relaxation times (7'2) were obtained from the free in- 
duction decays following the 90' pulse. T:! was taken as tlllfln 2 
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Figure 1. Plot of TI vs. temperature for P2VK. 
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Figure 4. Plot of 2'2 vs. temperature for P3VK. 
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Figure 2. Plot of 7'1 vs. temperature for P3VK 
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Figure 3. Plot of "2 vs. temperature for P2VK. 

where t 1 / 2  is the time for the magnetization to decay to one-half of 
its original value. 

Results 
Plots of log T I  vs. temperature for degassed samples of 

P2VK and P3VK (Figures 1 and 2) exhibit three relaxation 
regions. Minima in 2'1 are observed at  -180'K (6 relaxa- 
tion) and -580'K (a relaxation) and a diffuse minimum is 
centered a t  approximately 320°K ( y  relaxation). Plots of 
log T 2  vs. temperature (Figures 3 and 4) exhibit a gradual 
increase in Tz beginning at  -200'K in P2VK and 220' in 
P3VK and a sharp increase in 2'2 at  -460'K. T I  was mea- 
sured for P3VK in the presence of air and oxygen (Figure 
5). As with PVK,'O values of 2'1 are lowered in air and 0 2  

environments with the most substantial effect observed at  
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Figure 5. Plot of T1 vs. temperature for P3VK in ambient (A) and 
1 atm of 02 (B). 

low temperatures. The low-temperature 6 relaxation ob- 
served in the degassed samples is shifted to or replaced by 
a new relaxation a t  -150'K in air or 0 2 .  The enhancement 
of this effect at  1 atm of 0 2  indicates that this is indeed a 
paramagnetic impurity effect rather than a plasticization 
or some other effect of the gas. 

Discussion 
Correlation frequency maps constructed from NMR and 

dielectric datal3 for P2VK and P3VK are shown in Figures 
6 and 7 .  The NMR correlation frequencies uc were obtained 
from the TI minima and 2'2 transitions and the relation- 
ships16 

uc E V%O 10'Hz (1) 

a t  the temperature of the T I  minimum where uo is the spec- 
trometer frequency and 

uc = - - 5 X 1 0 4 H z  (2) 
AT2LT 

a t  the temperature of a T 2  transition where TzIT is the 
transverse relaxation time on the low-temperature side of 
the transition. 
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Figure 6. Transition map for P2VK: (0) NMR, (0) die1e~tric.l~ 
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Degassed samples of P2VK and P3VK exhibit a low- 
temperature 6 relaxation which is not observed in similarly 
treated PVK samples. Aside from the position of attach- 
ment of the pendant group to the backbone, the main dif- 
ference between these polymers and PVK is the ethyl 
group attached to the nitrogen. Methyl and ethyl side 
groups require very little excess free volume and the activa- 
tion energies associated with reorientation of these groups 
are small. These groups have been observed to exhibit min- 
ima in T1 due to reorientation at  temperatures ranging 
from below 77 to 300°K, depending on the steric factors 
which facilitate or hinder their r e o r i e n t a t i ~ n . ~ ~ , ~ ~  In view of 
these observations the 6 relaxation is probably associated 
with reorientation of the ethyl group. The activation ener- 
gy for this relaxation (2 kcal/mol) was determined from the 
slope of a log T1 vs. 1/T plot on the high-temperature side 
of 7'1 minima a t  ~ = 1 7 0 ~ K . ' ~  Although this method of deter- 
mining activation energies for molecular motions is not 
generally applicable it has been found to be in reasonable 
agreement with those determined by other methods for 
methyl and ethyl group rotations.18 

The overall lowering of 2'1 in PPVK and P3VK reflects 
the influence of the spin diffusion mechanism to the %thy1 
group on the overall relaxation times. It has been shown by 
NMR'O and dielectric data" that PVK (data shown in Fig- 
ure 8 for reference) has a rigid backbone with very little 
thermal motion at  room temperature. Similarly, P2VK and 
P3VK have very rigid backbones13 so that the enhanced re- 
laxation cannot be due to extensive internal motion in the 
polymers but rather the very efficient spin diffusion to the 
ethyl groups. 

The y relaxation in PVK has been assigned to low-am- 
plitude torsional oscillation of the carbazole group about 
the backbone to ring C-N bond. This assignment was 
based on dielectric and NMR data for PVK in the presence 
and absence of 0 2  and also with comparative data for poly(3- 
chloro-N-vinylcarbazole) where the y relaxation is dielec- 
trically active.lOJ1 Contrary to PVK the y relaxation for 
P2VK and P3VK was found to be dielectrically active. If 
the y relaxalion is due to torsional oscillation, the lack of 
coincidence of the dipole moment and the axis of the oscil- 
lation would produce a dielectrically active relaxation 
which has been Examination of molecular mod- 
els for PPVK and P3VK reveals a much less sterically hin- 
dered pendant group than in PVK so that side group mo- 
tion of this sort would be expected to have lower activation 
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Figure 7. Transition map for P3VK: (01 NMR, (0) dielectric.'" 
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Figure 8. Transition map for PVK: (0) NMR, (0) dielectric.' 

energies and larger amplitudes than the corresponding re- 
laxation in PVK. The T I  minimum corresponding to the y 
relaxation is more intense and appears a t  lower tempera- 
tures than in PVK. A gradual increase in T2 with increas- 
ing temperature is seen for P2VK and P3VK over the tem- 
perature range 200 to 450°K which is not seen in PVK. 
This indicates a gradually increasing amplitude for the tor- 
sional oscillation due to the lesser degree of steric hin- 
drance in these polymers. The activation energies for the y 
relaxation are 7.6, 4.2, and 5.2 kcal/mol for PVK, P2VK, 
and P3VK, respectively, which also substantiates the above 
arguments and the assignment of the y relaxation. 

The N and B relaxations associated with main chain and 
localized segmental motion are not sufficiently different in 
frequency in the accessible frequency range to be resolved 
in either the dielectric or NMR data. The large increase in 
T2 and the corresponding efficient T I  relaxation in the vi- 
cinity of 600'K reflect extensive motion in the backbone of 
these polymers. The activation energies for the cy relaxation 
are somewhat lower than the 77 kcal/mol observed pre- 
viously for PVK'O and when viewed with the above obser- 
vations and the discussion of the y relaxation indicate 
somewhat looser structures for these polymers. The signifi- 
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cance of the variation in activation energy for the a(P) re- 
laxation in P2VK is unclear but may be related to the over- 
lapping cy and 

The 2'1 values for P3VK are suppressed by the presence 
of oxygen. A new minimum appears a t  150'K and that a t  
180'K due to ethyl reorientation disappears. In the pres- 
ence of paramagnetic oxygen the observed relaxation rate 
can be written as the sum of two contributions, 

(3) 
where 1/T1 is the relaxation rate due to the intrinsic molec- 
ular processes, 1/TlP is the relaxation rate due to interac- 
tion with the paramagnetic oxygen. From eq 1 one can cal- 
culate the paramagnetic contribution to the overall relaxa- 
tion rate knowing T1 for the degassed sample and R for the 
sample in the presence of oxygen. Taking values of 360 
msec for T1 of the degassed sample and 18 msec for PBVK 
in air a t  180°K, the minimum in T1 for ethyl reorientation, 
the paramagnetic contribution to T1 (TIP) is 19 msec. Thus 
the overall relaxation is completely dominated by the para- 
magnetic contribution and the contribution from ethyl 
group rotation is totally obscured. 

Conclusions 
NMR T1 and T2 measurements were made on P2VK and 

P3VK and compared with NMR and dielectric data for 
PVK. The measurements reveal an additional efficient re- 
laxation ( 6 )  in these polymers due to ethyl group rotation. 
This relaxation is extremely efficient and leads to a general 
lowering of the T1 values via spin diffusion over those ob- 
served for degassed PVK. The y relaxation corresponding 
to torsional oscillation of the pendant group has a consider- 
ably lower activation energy in P2VK and PBVK than in 
PVK (4.2, 5.2, and 7.8 kcal/mol, respectively). The 2'1 mini- 
ma corresponding to this relaxation are more intense and 
occur a t  lower temperature than in PVK indicating a nar- 
rower distribution of correlation frequencies. The gradual 
increase in T1 below the glass transition temperature in 
conjunction with the well defined T1 minima indicate a 
gradual increase in amplitude for the y process. These ob- 
servations and examination of molecular models are consis- 
tent with a lower degree of steric hindrance in these poly- 
mers than in PVK. The lower activation energies for the cy 
relaxation are also consistent with this interpretation. 

The implications of the above observations for charge 
transport in these materials are necessarily speculative a t  
this point. The two main differences between PBVK, 
P3VK, and PVK are the presence of ethyl group rotation 
and the larger amplitude ring motion. The ethyl group 
rotation will not produce any significant A overlap modula- 
tion and has very little influence on the energy of the car- 
bazole HFMO. It  is therefore not expected to influence the 
transport process to any appreciable extent regardless of 
temperature. The y process which involves relative motion 
of the z systems will produce a fluctuation in overlap which 
can be slow or fast compared with the residence time of a 
carrier on a site depending on temperature and the activa- 

relaxation in the dielectric data. 

R = (1/Ti) + (L'TiJ 

tion energy for transport. If the activation energy for trans- 
port is different than that for the y relaxation a crossover 
temperature will exist where the relative time scales of the 
y motion and the molecular transport process are inter- 
changed. On one side of this crossover x overlap modula- 
tion (presumably the high side if the activation energy for 
transport is larger than for the y relaxation) will be slow 
compared with the residence time of the carrier while on 
the other side the two processes will interchange time 
scales and we might therefore expect a decrease in activa- 
tion energy for transport. Detailed transport data for these 
polymers is sparce. Pail2 has reported transit time data for 
PVK samples a t  various fields and thicknesses and as a 
function of temperature. At a field of -lo5 V/cm the tran- 
sit time is sec. Ignoring the statistical nature of the 
residence times, the time a carrier is associated with a car- 
bazole group can be estimated to be -5 x sec assum- 
ing an average intersite distance of -10 A. The activation 
energy for transport was measured as -8.3 kcal/mol. A 
close examination of the data appears to indicate a chang- 
ing activation energy with -11 kcal/mol at  high tempera- 
tures and -7 kcal/mol at  low temperatures. The break oc- 
curs a t  about 260'K. At this temperature the correlation 
frequency for the y relaxation is about lo6. The apparent 
lowering of the activation energy may indicate that below 
260'K (Le., when carrier motion and the period for the y 
relaxation become the same) the motion of the carrier may 
become correlated with fluctuating overlap in the system. 
This conclusion is speculative and subject to closer exami- 
nation of the temperature dependence for transport in the 
low-temperature region. If this correlation can be verified 
we anticipate a similar correlation with the y relaxation in 
P2VK and PBVK. 
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