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We performab initio calculations within the local density approximation for infinite, isolated chains of
poly(para-phenyleng (PP and polypara-phenylene-vinylene(PPV). Phonon frequencies &t=0 and struc-
tural properties are investigated with special focus on the ring-torsion barriers. Our results for PPV indicate a
planar geometry, while for PPP we find a ring-torsion potential that is not affected by next-nearest-neighbor
rings. This suggests the existence of a multiply degenerate ground state for PPP, with chiral, ordered, or
random angle-alternating configurations having the same energy. In addition, we couple these results to a
simple molecular-dynamics simulation in order to investigate the finite temperature behavior of the systems.
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I. INTRODUCTION We present in this work a study of infinite, isolated PPP
and PPV chains, focusing on structural, vibrational, and dy-
Organic conjugated polymers form the basis of new elecnamical properties. We start froab initio calculations for
tronic and optoelectronic devices, and as such have receivegtfound-state structural properties, torsion barriers, and pho-
a great deal of attention, both from the experimental anchon spectra. We then couple calp initio results to a simple
theoretical sideS.Among the most promising materials for molecular-dynamics scheme, specifically designed to address
light-emitting devices are the phenylene polymerstorsional configurations, in order to investigate the dynami-
poly(para-phenyleng¢ (PPB and polypara-phenylene- cal behavior of the systems. We briefly present in the next
vinylene (PPV), ring-structured polymers with optical activ- section the calculational details for thab initio method
ity in the blue region, and that can be synthetized in theused, and then in Secs. Il and IV we discuss our ground-
“pure” state or with a variety of substitutionéside chains state results. The finite-temperature behavior is discussed in
appended to one or more of the phenylemtho-carbon at- Sec. V.
oms, or even, for PPV, to the vinylene carbon atpnis We show that, as expected, ring-torsion modes are very
polymer-based light-emitting devices, the organic films formsoft compared to bond bending or stretching, and that torsion
the active layers, usually between a metal and a transpareahgles are virtually independent of the second-ring neighbor-
oxide electrodkand it is of prime interest to identify factors hood. As a result, we find that finite-temperature behavior is
influencing carrier mobility and electron-hole recombinationdominated by ring libration for both polymers.
properties. Contrary to the extremely ordered arrangement of
conventional semiconductor nanodevices, organic layers Il. METHOD
formed from long-chained polymers present intrinsic disor- ) ) _
dered regions in which the crystalline or almost-crystalline Our calculations are based on local-density-functional
domains are immersed. The precise internal arrangement §#€ory:"> with the Ceperley-Aldér exchange correlation as
the crystalline regions is extremely dependent on the specififarametrized by Perdew and Zungatie adopt the supercell
substitution employed;however, we may suppose that the approximation, which consists of embedding the system on a
effective mobility of carriers is dominated by disordered re-sufficiently large unit cell periodically repeated in all three
gions, where it is very probable that interchain interactionsdimensions. When calculating properties of isolated mol-
can be neglected. In this way, information on the propertiegcules or polymers, this implies that a large enough “vacuum
of isolated chains is needed and can be very useful for mod€gion” has to be included in order to avoid spurious inter-
eling the material. In fact, it is well known that the interest- actions between the molecules and their periodic images. A
ing electrical properties of these compounds come from th¥acuum region of typically 8-10 A in all directions is
large conjugation andr-electron delocalization along the €nough to provide a good isolation for molecules. We use
chain length. These characteristics are strongly affected brthorhombic supercells with dimensions 15A2 Axc
torsion angles between rings: Increase in the torsion angld§r both PPP and PPV. The cell dimension along the chain
decreases conjugation and mobilifpcreasing the effective axis is the lattice constart, which is adjusted in order to
mas$ and increases the gap energy. On the other hand, it i§inimize total energy. The unit cells contain twsingle-
believed that charge carriers in polymers, electrons or holegell or four (double-cell phenyl rings for PPP and one
are “dressed” by backbone distortiogpolarong); thus on-  (single-cel) or two (double-cel) phenyl rings for PPV, de-
chain mobility should also be strongly influenced by the pho+€nding on the specific calculation. Calculations are done
non structure. with a twok-point sampling (0,03) and (0,0%) in units of
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FIG. 2. Total energy vs lattice constant for PPV. The full line is

FIG. 1. Total energy vs lattice constant for PPP. The full line is ) o
a third-order polynomial fit.

a third-order polynomial fit.

2mr/c] for single-cell PPP and PPV. Double-cell PPV andwhere A is the cross-sectional area. Using experimentally
PPP are sampled at (0:0,only, which unfolds exactly into determined values foA in crystalline material in the usual

the two previousk points for the single-cell structures. Going rlezrgna%b%)e10—1%twgtljor§taiﬁ(:('>i,éi‘gp§ forag(ljap ’22%\/

fror_‘n two to onek points for single-cell PPV changes the _ 355 5pa for PPV. To the best of our knowledge, Young's

lattice constant by less than 0.5%. . moduli have not been experimentally determined yet for ei-
We useab initio pseudopotentials with optimized plane- o ppp or PPV, Our calculated results are not much differ-

wave convergenceThis is especially important when deal- ent from either theoreticdl (389 GPa or experimentaf

ing with first-row atoms such as carbon, which naturally re-(373 GPa results fortranspolyacetylengTPA). The larger

quires a large plane-wave basis to describe its localized 2y 51 es for TPA are due to a smaller cross-sectional area

states. Employing optimized pseudopotentials allows the USFATPA: 15.52 &).%® A more meaningful quantity for com-

of a cutoff energy oE.=40 Ry. This corresponds to 45 000, arin : L
: g effective monomer force constants along the chain is
90 000, 35000, and 70000 plane waves for single-cell PPI%)he product YA For this quantity, we have Y(A)ppp

double-cell PPP, single-cell PPV, and double-cell PPV, re<
spectively. Increasing the cutoff to 60 Ry for PPV changeg,i
the ground-state energy k())y only 0.046 eV{atom and the lat- Atomic arrangements for monomer units of PPP and PPV
tice constant by only 9'05/.0' The se!f—con5|_s§er1t thn'Sha"ére shown schematically in Fig. 3. Calculated bond lengths
equations are SOIVed. iteratively by 'd.lrect minimization of t.heand bond angles, along with available experimental results,
energy functional using a preconditioned conjugate gradieny o presented in Table | for PPP and Table Il for PPV. Values
schemé. for PPP are slightly different from our previously reported
ones’ due to the differenk-point sampling used. Both struc-
tures present a slightly quinoid configuration, an effect which
is more pronounced in PPV. Calculated values for bond
Minimum-energy atomic configurations for PPP and PPVlengths and angles are in excellent agreement with available
are obtained by relaxation of all atomic coordinates untilexperimental data.
Hellman-Feynman forces are below 0.05 eV/A for each Due to a compromise between chain conjugatiehich
value of the lattice constant. The equilibrium lattice con-tends to make the molecule plapand steric repulsions be-
stants €,) are then given by the minimum in the energycvs  tween orthohydrogengvhich tends to do the opposjtead-
plots, shown in Fig. 1 for PPP and Fig. 2 for PPV. We findjacent phenyl rings in PPP are tilted with respect to each
Co=8.62 A for PPP and,=6.65 A for PPV, to be compared other by a torsion anglé (in an alternate pattern for the
with the experimental values of 8.54 (Refs. 10-12and  primitive unit cel). Crystalline packing is also expected to
6.54 A (Ref. 13. The 1%—2% difference is typical of local- reduce this torsion angle, which is an important structural
density approximatiolLDA) calculations. From the second parameter, not only because it reveals the strength of chain
derivative at equilibrium one can calculate Young’s modulusconjugation and crystalline packing, but also because it can

(YA ppv=> (Y A)1pa, thus indicating that the presence of
nylene segments makes conjugated chains softer.

Ill. GROUND-STATE GEOMETRY
AND ELASTIC PROPERTIES

Y as strongly influence optical parameters such as the band®ap.
Our calculations give=27.2° 1° Interestingly, hydrogen at-
co d%E oms arrange themselves in planes that are slightly out of
A E ' D their respective carbon ring planes. Torsion angles between
Co adjacent hydrogen planes are thus slightly larger, 28.3°.
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TABLE |. Bond distancegin A) and bond angleén degreesfor PPP. Atom labels follow the notation of
Fig. 3. Experimental resultdRefs. 44—4prefer to central rings in the following molecular crystals: Terphe-
nyl (x-ray and neutron diffraction(Refs. 44,46 and quaterphenyix-ray diffraction (Ref. 45.

Parameter This work Ref. 44 Ref. 45 Ref. 46
Bond length

C,-G 1.405 1.377 1.403-1.409 1.395-1.425
C,-C, 1.389 1.407 1.397-1.409 1.356-1.406
Ce—-C; 1.469 1.496 1.502 1.469-1.505
C-H 1.103 1.09 0.96-1.08 1.110-1.129
Bond angle

C,—-C,—C4 117.8 116.9 1171 115.0-118.3
C,-C,—-C, 121.1 121.5 121.3-121.7 120.6-123.1
C,—-C;—H 119.2 124-126 116.0-119.4 117.7-119.7
0 27.2

There are no experimental values for the torsion angle ofemiempirical Hartree-Fock calculations in isolated
isolated PPP chains, but our calculated value fits well beguaterphenyf®
tween measured values for crystalline quaterpH8igR.7°) In the case of PPV, calculations for the single-ring unit
and gaseous bipherfyf? (44.4°). As expected, quaterphe- cell suggest a planar configuration for the ground state. Pla-
nyl in a crystalline environment has a smaller torsion anglenarity of PPV is consistent with its larger quinoid character
due to packing effects, and gaseous biphenyl has a largécompared to PPPwith the fact that only two hydrogens per
torsion angle since each ring has only one neiglibmtead  phenyl ring actually participate strongly in steric repulsion
of two for the longer chainstherefore the conjugation driv- interactions(with vinylene hydrogensas opposed to four in
ing force for planarity is smaller. Our results are also in goodPPP, and with the existence of an extra degree of freedom
agreement with previous LDA calculations for PPP (namely the opening of the zigzag angle at the vinyl seg-
(27.4°). A larger torsion angle (37.8°) was obtained frommen) to avoid loss of planarity while still minimizing steric
repulsions. Indeed, our calculated zigzag an@g-C;-Cg in

PPP

TABLE II. Bond distancesin A) and bond anglegn degreees
for PPV. Atom labels follow the notation of Fig. 3. Experimental
results refer to x-ray diffraction studies on stilbene molecular crys-

tals (Ref. 48.
Parameter This work Ref. 48
Bond length
C,-C, 1.411 1.397
C,-C, 1.383 1.387
C,-G 1.414 1.394
Ce—C; 1.443 1.469
C,-G 1.361 1.318
C,—-H 1.103 0.93
C;—H 1.104 1.02
C,—H 1.108 1.00
Bond angle
C,—-C—-C; 117.3 117.8
C,-C-C, 121.1 121.4
C,-G-G 121.6 120.6
FIG. 3. Atomic configuration for PPP and PPV monomers, la-Cs—C7—Cg 126.3 126.7
beled to help in reading the tables. Carbon and hydrogen atoms afey—C,—H 1194 117.2
in open and solid circles, respectively. The torsion amjlis de- C,—C;—H 118.7 119.0
fined as the angle between adjacent phenyl rings for PPP and be,—-C,—H 115.0 116.1

tween a ring and the chain backbone for PPV.
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Fig. 3 is 126.3°, considerably larger than 120° and onlyfor the isolated chains and experiments are usually done in
slightly smaller than the 128° suggested for stilbé&he. the crystalline phase. It is also important to emphasize that,
Planarity of PPV is in discrepancy with x-ray diffractidn  contrary to all previous theoretical works, our calculation has
in crystalline samples, which suggests a nonzero torsiono fitting parameters and the frequencies are not scaled by
angle between the phenyl rings and the vinyl segment. Exany ad hoc factor. The higher frequency modes
perimental torsion angles are found to increase with temperg—~ 3000 cm') correspond to the C-H stretch. For the re-
ture from 8° at 20 °C to 13° at 400 °C and adjacent phenymaining modes, as a general trend, in-plane modes are higher
rings are observed to rotate in an alternate fasftaro in-  in frequency than out-of-plane ones, since they necessarily
vestigate this geometrical configuration we have performedhvolve bond-length and bond-angle variatidfis.
calculations with a double unit cell. It is extremely difficult ~ Table IV shows our calculated vibrational frequencies at
to determine the exact value of the torsion ang@feany) I" for PPV, along with previously published results. We adopt
since, as will shall see in the next section, ring-torsion modethe symmetry labeling of Ref. 36 based on g, point
in PPV are very soft and therefore differences in total energygroup. As a general remark, the ring C-C stretch frequencies
between planar and nonplanavith a small anglgconfigu-  group around 1274—1546 c¢rh, while we find the vinylene
rations are exceedingly small. For instance, we find the enstretch frequency at 1635 crh, close to the value for the
ergy difference between planar PPV and a chain with a torphonon replica extracted from experimental datam the
sion angle of 7° to be less than 1 meV per cell. Our result?PV luminescence ban(dote that a redshift is expected for
indicate, nonetheless, a planar configuration for the isolateghotoinduced modéy. Similarly to PPP, the higher-
PPV chain. It is to be remarked, however, that Ramarfrequency modes 3000 cm') correspond to the C-H
spectroscopy results suggest a more complicated stretch and out-of-plane degrees of freedsnrch as torsion-
symmetry-breaking distortion where the vinyl segment is it-angle variationsare generally softer than in-plane ones.
self nonplanar, so that the torsion angle between rings results For both polymers, the softness of out-of-plane modes
not solely from the phenylene-vinylene torsion, but from asuggests variations in torsion angles to be the dominant dy-
continuous torsion along the monomer. We recall that innamical behavior at low temperatures. As mentioned before,
crystalline PPV in the herringbone structure, vinylene segiorsion-angle variations can affect dramatically the electronic
ments of one chain are packed close to the phenylene units ahd optical properties of these materidi&or these reasons,
neighboring chains. The experimentally observed deviationwe study them in more detail in the next section.
from planarity could thus be a symmetry-breaking effect due
to interchain interactions in the crystalline environment, ab-
sent for the isolated chain; it is, however, very likely that this
continuous torsion would be difficult to reproduce theoreti-
cally even for the packed chains. A similar difficulty was  Polyphenyls present an extremely rich finite-temperature
found for the small related molecules styrene and stilbenehehavior: ring librations and flip¥, order-disorder phase
where nonplanarity was predicted by thelSput is not seen  transitions® and ring-torsion defects similar to those in
by experiments in solution, probably, as discussed by th@olyaniline?* A key ingredient to the understanding of these
authors, because it is “averaged out.” Indeed, due to theeffects is the analysis of torsion potentials. Accordingly, we
extreme softness of these torsion modes, any theoretical prperformed calculations of the torsion potentials for both PPP
diction for the exact value of the torsion angle, including

V. TORSION POTENTIALS, DEFECTS,
AND FINITE-TEMPERATURE BEHAVIOR

ours, should be taken as an estimate.
3501
{ PPP -
IV. VIBRATIONAL PROPERTIES 300+
Vibrational spectra of both PBP32and PP\?>**~*%have 2504
been studied both theoretically and experimentally. We cal-<>> 200_' ]
culate vibrational normal-mode frequencies and displace-o ]
ments by directly evaluating the matrix of force constants.E 150+
using a finite-difference technique for single-cell systemskq 100_‘
(two phenylene rings for PPP, one phenylene-vinylene unit — .
for PPV). 50+ \ /
Table Il shows our calculated vibrational frequencies at 1 . .
k=0 (") for PPP, along with previously published results. 01 —— ,'T' ——
In order to facilitate comparison, we adopt the symmetry 0O 10 20 30 40 50 60 70 80 90
labeling of Ref. 29, based on tti&,;, point group of single- 6 (degrees)

ring, planar PPP. Since our ground-state structure is nonpla-

nar with two rings per unit cell, modes at the boundatyof FIG. 4. Total energy per unit cell as a function of the torsion

the single-ring Brillouin zone are folded into ollf point;  angle g for PPP. The ground-state energy is set to zero. The inter-
therefore we have twice as many moded'atThe overall  ring torsion potential is obtained by dividing the total energy by 2,

agreement between calculated and experimental frequencigiice PPP has two rings per unit cell. The line is a spline fit to the
is rather good, considering that these are calculated modealiculated data pointsquares
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600 rium torsion angle, it will certainly enhance the barrier for
| PPV ring flips over 90°. Complete rotation of phenyl rings .in
5004 / crystalline PPV has been measured by NMR with an activa-
] tion energy of 651 me¥? Our barrier of 560 meV, directly
4004 . estimated from the torsion potential in Fig. 5 is, as expected,
—_ l smaller due to the absence of packing effects.
% 3004 PPP is nonplanar, and there are two energy barries at
g ; =0° and#=90°. These are, respectively, 84 meV and 336
; 200 - meV per unit cell. Since each unit cell contains two phenyl-
1 . phenyl angles, the activation energjger angleare 42 meV
100 / and 168 meV, respectively. X-r&and nuclear magnetic
1 = resonanc® (NMR) measurements of activation energies per
Opu-® angle for ring flips ove®=0° are 23.7 me\(x ray) and 22.8

0 10 20 30 40 50 60 70 8 90 meV (NMR) for p-terphenyl and 27.3 meYk-ray) and 26.8
0(d ) meV (NMR) for p-quaterphenyl. The experimental results
cgrees refer to very short oligomers, in which any ring is always in
FIG. 5. Total energy per unit cell as a function of the torsion & nearest-neighbor position to at least one chain end, thus

angled (equivalent to the interring torsion potenjidor PPV, The  facilitating the flip (leading to a lower-energy barrieiVe
ground-state energy is set to zero. The line is a spline fit to thén@y say that our value is very probably representative for the

calculated data pointsquares infinite isolated chain. _ _ _
We can go beyond the “adiabatic” analysis based on the

and PPV. They are constrained total-energy calculations OH)rsio_n pqtential to study _dynamical effects as;ociated with
' ring libration. As we saw in the preceding section, we may

which the torsion angle) is kept fixed at different values decouple out-of-plane “rotational” modes from the other vi-

while all other coordinates are allowed to relax at fixed Iat-brational modes: This aporoximation is iustified by the dif-
tice constanty. These calculations allow us to estimate the . . pprox | y
ference in strength between in-plane and out-of-plane force

energy barriers for thermally induced ring flips over angular . )
maxima in the potential. The resulting potentials are showrﬁ:onStants’ the Iat_ter belng.con3|derr_;1bly softer and thereiore
in Fig. 4 for PPP and Fig. 5 for PPV, expected to dominate chain dynamics at low temperatures.

As already mentioned, by keeping the vinyl segment Iola_Dynamlcal chain behavior can then be investigated by “an-

nar, we find a single potential minimum &t 0° for PPV gular dynamics” simulations of the motion of the phenyl

(planar configuration Crystalline packing will probably af- 1

fect both the minimum energy configuration and the torsion (a) PPP
potential barriers: While it might produce a nonzero equilib- ]
0_
P
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FIG. 6. Probability distribution function?(6) for torsion 1/T (Kl)
angles for(a) PPP and(b) PPV. Solid circles and dashed lines
represenfT =100 K, whereas open circles and full lines represent FIG. 7. Arrhenius plots for ring flipéa) over 6=0° for PPP and
T=300 K. Lines are Gaussian fits. (b) over 6=90° for PPV.
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TABLE lIl. Phonon frequencieéin cm™ ) atT" for PPP, along with other calculatéRefs. 27 and 20and
experimental(Refs. 30—32 results. For mode description, op refers to out-of-plane modes, ip to in-plane

modes, and’(Z) to modes at the single-ring Brillouin zone centedgs.

Theory Experiment

Symmetry Description This work Ref. 27 Ref. 29 Ref. 30 Ref. 31 Ref. 32

Bog op,Z 39

B, op,Z 144

Bsg ip, Z 168

Big op,Z 230

B,y ip, Z 285

Bag op, I’ 374 402 410 409

A, op, I’ 475 401 367

A, op,Z 475

Ba, op, I’ 495 458 457

Bag ip, I’ 501 460 488

B1y ip, Z 578

Ay ip, Z 593

Bjy op,Z 652

Bag ip, T 653 602 625 623

Bag ip, Z 674

Bog op,Z 702

Bag op, I’ 770 760 754

Aq ip, I’ 809 846 792 805 796

Big op, I’ 859 834 823

Big op,Z 860

B, op, I’ 873 790 797 804

A, op,Z 880

A, op, I’ 882 961 951

Bjy op,Z 888

Bog op,Z 899

Bag op, I’ 901 945 968 999

By ip, I’ 979 968 984 998

B1y ip, Z 986

By ip, T 1045 1051 1045

Ay ip, Z 1049

B,y ip, T’ 1094 1075 1162

B,y ip, Z 1112

Aq ip, T 1123 1127 1233 1220 1223

Aq ip, Z 1146

Bag ip, Z 1235

By ip, Z 1249

Bag ip, I" 1270 1328 1325

B,y ip, T 1296 1268 1275

Ay ip, T 1319 1289 1282 1280 1281

B,y ip, Z 1369

B1y ip, T 1445 1510 1487 1482

B,y ip, I’ 1453 1440 1399 1400

B,y ip, Z 1462

By ip, Z 1506

Bag ip, Z 1522

Bag ip, I’ 1568 1654 1601

Ay ip, T 1617 1661 1626 1595 1593

Ay ip, Z 1641
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TABLE Ill. (Continued.

Theory Experiment

Symmetry Description This work Ref. 27 Ref. 29 Ref. 30 Ref. 31 Ref. 32

Bag ip, Z 3038
Bag ip, T 3038
Buy ip, T 3040
By, ip, Z 3040
B, ip, T 3051
= ip, Z 3051
Ay ip, T 3054
Ay ip, Z 3054

rings. In these simulations, all degrees of freedom are frozeteractions are unimportant. We can test this hypothesis by
except for the ring angles, whose trajectori&s) are ob-  performing total-energy calculations on supercells with four
tained by numerical integration of their assumed classicatings and by comparing the total energies of two distinct
equations of motion. The torque on each ring is obtainedonfigurations: € 6/2,0/2,— 6/2,6/2) and (~ 6/2,6/2,36/2,
from their instantaneous configuration via the interring tor-g/2). Notice that in both configurations the nearest-neighbor
sion potential calculated above. We have performed simulatorsion angle is the sam@xcept for sigh but one of the
tions on chains containing 100 rings with periodic boundarysecond-nearest-neighbor torsion angles is different. If
conditions, using a Verlet algorithm with a time step of second-nearest-neighbor interactions were revelant, we
10 . would obtain different values for the total energy of these

In Fig. 6(b) we show torsion angle probability distribu- two configurations. We find that total-energy differences be-
tions, P(#), for 100 K and 300 K for PPV. Notice that the tween the two configurations are less than 5 meV for the
distributions are Gaussian functions centered 6 0°.  whole range off, confirming that second and more distant
Analysis of the Gaussian widths for different temperaturesheighbors ring interactions can be safely neglected. This is in
shows root-mean-square librations of the torsion angles to bgood accord with the results of Cuff and Kerté8ayho find
proportional to T¥2, with a coefficient of 0.56 degf.  a strong similarity of the vibrational frequencies in helical or
These dynamical simulations also allow us to obtain the frealternate terphenyl conformers, also as a consequence of this
quency of ring flips overd=90°, which is essentially pro- weak coupling between second-nearest-neighbor rings.
portional toP(90°). Therefore, an Arrhenius-plot analysis of ~ This result has some important consequences. First of all,
InP(90°) vs 1T [Fig. 7(b)] gives the activation energy for it implies that an infinite and isolated PPP chain has a mul-
180° rotation of phenyl rings in PPV. The straight line is atiply degenerate ground state: Essentially any chain configu-
clear signature of a thermally activated process with a calcuration for which the torsion angle between two adjacent rings
lated activation energy of 499 meV, close to our calculatechas an absolute value @f=27.2° is a valid ground state.
adiabatic value of 560 meV. This includes, for instance, chains with an spiral or even

Figure &a) shows the probability distribution of torsion disordered configuration of torsion angles and chains con-
angles for PPP, also for 100 K and 300 K. Note the expectethining localized “defects” in the ring-alternation pattern.
double-peak structure, with essentially temperatureSome of these defects could connect two domains of differ-
independent peak positions, showing that the dominant lowent ground states, very much like a soliton frans
temperature behavior of the phenyl rings in PPP is a smallpolyacetylene, for instance. Our results imply that this ring-
angle libration around the equilibrium values. The solid andorsion soliton has essentially zero formation energy and
dashed lines are best fits to two Gaussian functions. Tweherefore they are abundantaatytemperature in the isolated
Gaussians fit well the distribution at 100 K over the wholechain. Of course, this behavior can be affected in crystalline
range of angles, but this is not the case for the distribution atamples by interchain interactions, but nevertheless it is an
300 K in the vicinity of #=0°. From the Gaussian fit at interesting and somewhat unexpected result. It can also lead
different temperatures, we obtain a root-mean-square librato an increased difficulty in obtaining ordered samples from
tion amplitudeo, which is essentially proportional t6*/, PPP as compared to planar PPV. Another implication of this
with a proportionality coefficient of 0.66 deglR Similarly  result concerns coupling to light. As already mentioned, the
to the case of PPV, we can obtain the activation energy fosingle-particle gap energy for ring-structured polymers in-
ring flips over #=0° from the Arrhenius plot in Fig. (3). creases with torsion angtéfurthermore, the exciton binding
The calculated value is 35 meV, close to the adiabatic valuenergy depends on the “conjugation length” or “exciton
of 42 meV. length.” The more disordered structure of PPP could lead to

In the analysis above, the interring potential was obtaine@ broader distribution of exciton lengths and energies, con-
from the total energy results by assuming that rings interacsistent with the very wide exciton line shape of PPP as com-
only with their nearest-neighbor rings and longer-range inpared to PPV.
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TABLE IV. Phonon frequencieéin cm ) atT" for PPV, along with other calculated and experimental results. For mode description, op
refers to out-of-plane modes and ip to in-plane modes. The table also shows a few unidentified experimental modes.

Theory Experiment
Symmetry Description This work Ref. 33 Ref. 36 Ref. 37 Ref. 37 Ref. 36 Ref. 47 Ref. 25 Ref. 3
By op 147
A, op 220
Ag ip 310 328.1 311 327
By op 327
A, op 390
B, ip 430 431.2 425 428 429 429 430
A, op 532 522 555 556
Aq ip 622 619.9 603 634
Ag ip 659 692.3 660 662
By op 696
By op 785
B, ip 799 7715 787 784 785 784 784
A, op 818 814 837 838
By op 853
Aq ip 899 968.2 896 887 966 963
Ay op 911
By op 926
A, op 930 1005 965 966
B, ip 978 1135 1012.6 1026 1013 1013 1013 1014
B, ip 1076 1117 1107 1108 1107
1169.9 1178 1176 1180
Ag ip 1111 1181 174.3 1163 1170 1174 1172 1170
Ag ip 1185 1192 1197 1197
1282.0
B, ip 1187 1181 1179 1176 1194
1205.0 1210 1211 1210 1211
Ag ip 1262 1303.5 1295 1301 1304 1301 1301
B, ip 1268 1269.3 1269 1271 1271 1267 1271
Ag ip 1274 1272 1330.1 1330 1329 1327 1329 1327
1302 1302
B, ip 1367 1341.1 1333 1340 1339 1336 1340
B, ip 1458 1416.7 1436 1424 1424 1423 1424
B, ip 1485 1543 1528.4 1516 1518 1518 1519 1519
1415
Ag ip 1493 1600 1549.6 1538 1546 1550 1547 1546
Ag ip 1546 1616 1586.7 1587 1582 1586 1582 1582
Ag ip 1635 1659 1629.2 1636 1625 1628 1626 1625
Ag ip 2951
B, ip 2975 3027.9 3024
Ag ip 3058
B, ip 3064 3065.9 3076
Aq ip 3116
B, ip 3125 31251 3105

As a last remark, we note that ring-torsion structure and

dynamics are bound to depend strongly on the chain chemi-
cal structure, that is, we expect the conformation and barriers We performedab initio calculations for the structural

to depend on the specific substitutions appended on thgroperties of isolated PPP and PPV chains, from which we
chain. The results presented here apply only to the pure polyextract the phonon spectra and ring-torsion angles and barri-

mers.
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ers. Our results indicate a planar configuration for isolated
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PPV chains, while for isolated PPP chains rings are twistedating torsion angle sequences having the same energy.
with respect to neighbors by an angle-eR7°. We find, as Therefore we can conclude that torsion-alternation defects
expected, that out-of-plane modemg torsior) can be found can exist at any temperature for an isolated PPP chain.

at much lower energies when compared to bond-stretching or
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