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We report high-resolution far-infrared transmittance measurements and quantum-molecular-dynamics
calculations of the two-dimensional tetragoii@ high-temperature/high-pressurg,@olymer, as a comple-
ment to our previous work on thezgdimer, and the one-dimensional orthorhomi@ and two-dimensional
rhombohedral R) Cg, polymers[V. C. Longet al, Phys. Rev. B51, 13 191(2000]. The spectral features are
assigned as intramolecular modes according to our quantum-molecular-dynamics calculations. In addition, we
determine the,, Cgy parent symmetry of each polymer vibrational mode by expanding the calculated polymer
eigenvectors in terms of our calculated eigenvector$f@g,. We find that many of th&-polymer vibrational
modes are derived from more than dneCg, parent symmetry, confirming that a weak perturbation model is
inadequate for these covalently bondeg Balls. In particular, strongly infrared-actiiepolymer modes with
frequencies of 606 and 610 crhare found to be derived from a linear combination of three or MIGg,
parent modes. As in th® andR polymers, modes of th& polymer with substantial’,,(2) character, which
are polarized in the stretched directions, are found to have large downshifts. Finally, in our comparison of
theory with experiment, we find indications that the in-plane lattice of Th@olymer may not actually be
square.

DOI: 10.1103/PhysRevB.65.085413 PACS nuniber78.30.Na, 78.30.Jw

I. INTRODUCTION for example, Refs. 10 and 18n linear chains of a® poly-
mer, each g, ball is distorted by two 22 cycloaddition

Ceo is well known to form polymeric compounds under polymer connections, and in tiepolymer planes, eachgg
certain conditions. The observed polymerizeg §ructures ball is distorted by six 22 connections. Th& polymer is an
include a one-dimensional orthorhomki©) structure, and intermediate case, the ball being distorted by fot22con-
two-dimensional tetragonal(T) and rhombohedral(R) nections. In our earlier IR stud§of O andR polymers, we
solids’** These fullerene-based polymers are usually madéound that modes of primaril§;,(2) parentage, polarized in
under high-temperature/high-pressufldTHP) conditions, the stretched directions, are strongly downshifted to a fre-
where G is polymerizedvia 2+2 cycloaddition. Recently, quency below that of any modes with substanfial,(1)
the R polymer was reported to display ferromagnetism at 30character. The fact that this large downshifhore than
K.'2 Among theO, T, andR polymers, theT polymer is the 50 cmi %) occurs even for th€© polymer, which is the least
most difficult to prepare and isolaté. Therefore, the mate- distorted of these HTHP polymers, is already an indication
rial is relatively unexplored experimentally, and infraiéd) ~ that the polymer-ball distortions are too large to permit the
studies on the pur@-polymer phase are raré. use of a weak perturbation model for the assignment of vi-

The vibrational spectrum of isolated,Shows four sharp  brations. An accurate theoretical method, such as quantum
IR peaks ofT 4, origin, as expected for a cage with icosahe-molecular dynamic§QMD), which takes into account the
dral symmetry:® Upon polymerization, the symmetry of the relaxed atomic positions in the distorted polymer balls, is
Cgo ball is reduced from, to D,,, for the O andT polymers,  thus necessary.
whereas it is reduced 54 for the R polymer. As a result, In this paper, we report the far-infrared vibrational prop-
the vibrational properties of these HTHP polymers are venyerties of thel polymer, as an extension to our previous work
different from those of the isolated fullerene b&H* Of  on O andR materials. The IR features of tfiepolymer are
course, if the distortions upon polymerization are smallassigned according to our first-principles QMD calculations.
enough, the vibrations of the polymers could still be de-In contrast to our earlier analysis f@ andR polymers, in
scribed by weak perturbations of the vibrationd pfCs; (see  which thel, Cg parent symmetry of each polymer vibra-
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tional mode was estimated by means of a visual comparison
of polymer and @ mode patterns, for th& polymer, we
have determined parent symmetries quantitatively by ex-
panding theT-polymer vibrational eigenvectors in terms of
our calculated eigenvectors fof, C5y. This analysis con- (a)
firms that a weak perturbation model cannot adequately de-
scribe the vibrations of & polymer. In addition, to test the
possibility that the in-plane lattice of th& polymer might

not be square, we compare the experimental results with the
calculated frequencies of thepolymer for both square and
nonsquare versions.

Il. MATERIALS AND METHODS
A. Experiment (b)

The synthesis of th& polymer was described in detail in
Refs. 8 and 10. The tetragonal structure was confirmed by
x-ray diffraction. To prepare the pellets for our measure-
ments, the material was crushed into powder, ground with
paraffin at 77 K, and compressed under vacuum at 1.5 kbar.
The T-polymer powder was evenly suspended in the paraffin (©
matrix to form dark brown pellets, suitable for far-infrared
transmittance measurements. Several different pellet concen-
trations were required to reveal all features.

Far-infrared transmittance measurements were carried out FIG. 1. Final QMD-relaxed configurations of tfiepolymer and
on a Bruker 113V Fourier transform IR SpectrometerOf the three structures which contain thg,Galls most likely to be
equipped with a He-cooled Si bolometer detector. The spedound at the edges and corners of firiftpolymer domains(a) The
tral range from 30—620 cit was covered with four differ- nonsqugreT polymer. (b) Left side:. double chain containing
ent beamsplitters. The measurements were done at low terR€rpendicular-edge g balls; the four-rings along the edge are per-
perature (- 10 K), achieved with an open-flow cryostat. The pendlcular to the polymer plan_e. Right s_lde:_double chain contain-
spectral resolution is 0.5 cm. It is our experience that both 'ngo parallel-edge g, balls. (c) Zigzag chain with Go b"'j‘”S having
low temperature and high resolution are helpful to resolve’” angles beween the two polymer connections; these are the
weak modes and narrow line shapes. All features reporteﬁferz;esr cﬁa}:‘;n?::g?&?ﬁ;sdomams' All four figures depict frag-
here are reproducible with different concentration3 gbly- '
mer in paraffin pellets.

rings running along the double-chain direction are perpen-
dicular (paralle) to the polymer plane. The domain-corner
B. Theory Ceo balls are simulated in the infinite zigzag chain of Fig.
Our theoretical method is quantum molecular dynamics, d(c). Note that each of the structures of Figsb)land 1c)
first-principles  technique initiated by Sankey and contains only one type of & ball?®
Niklewski.!” QMD is based on the local density and pseudo- For aT polymer, we find that the lowest-energy configu-
potential approximations; details of the method were de+fation is not square, but rather has two distinct center-of-
scribed briefly in Ref. 16, and extensively in Ref. 18. Themass(CM) separation distances, 9.03 A in the chain direc-
method was applied successfully to fullerene molecties, tion having the connecting four-rings parallel to the polymer
polymerized fullerene&®'8201and carbon solid® Our cal-  plane @B in Fig. 1) and 9.13 A in the orthogonal chain
culated vibrational frequencies are known to be reliable, esdirection BC in Fig. 1). We will thus refer to our lowest-
pecially in our frequency region of interest; 200-600 ¢m energyT-polymer configuration as a “nonsquarg&’polymer.
(Ref. 23. On the other hand, as discussed in Refs. 16, 18These results for th& polymer confirm previous empirical-
and 24, our first-principles IR strengths are not fully reliabletight-binding result$? which found 9.06 and 9.13 A for the
for all modes, and as a consequence we have not used theédM separation distances along thé and BC directions,
here. respectively. These calculated differences for intermolecular
The simulated structures for this work are shown in Fig.distances in the tetragonal polymerized layers could easily be
1. In addition to the infinitel-polymer plane of Fig. (), we  established by diffraction experiments if tligophase had the
also simulated three structures which contajgl@lls which ~ Immm symmetry suggested in Ref. 3. However, packing-
will be present at the edgéBig. 1(b)] and corner§Fig. 1(c)]  energy calculatiorfé showed that the orthorhombienmm
of T-polymer domains. The two infinite double chains of Fig. structure of theT phase has an energy0.041 eV/atom
1(b) contain Gq balls which we call, left to right, “perpen- higher than thé?4,/mmctetragonal layer packing. The lat-
dicular edge” and “parallel edge,” respectively. For the ter model, which contains successive layers stacked along
perpendicular{parallely edge G, balls, the connecting four [001] via a 4, screw axis, i.e., neighboring layers are related
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by a rotation of 90°, is supported experimentafiyrhere-  active mode in one of our simulated edge béllse corner
fore, any difference in intermolecular distances becomes urballs turned out to be unnecessarye make these assign-
detectable in the diffraction experiments, and fhehase ments by comparing our calculated mode frequencies, which,
parameters present averaged values of the intermolecular digs noted above, are expected to be reliable in this frequency
tances in theT layers. range, with the experimental peak frequencies as determined
We have also relaxed tHE polymer under the constraint from the measured spectrum of Fig. 2. However, since our
that the lattice vectors remain square. The resulting energy i5-Polymer assignments are made on the basis of frequency

only an insignificant 0.0003 eV/atom higher than the energy@"d the relative spacing of symmetry-related clusters, and
y 9 g g)ilvithout the benefit of reliable calculated IR-active mode

of the nonsquare configuration, so it is possible that inter—t th ainty | dabl icularly f
layer forces might induce truly square planes. Since thereNgtns, some uncertainty 1S unavoldablée, particuiarly Tor

x-ray-diffraction resul3'* may be explained either by suc- modes which are close together in frequency. Table | pre-

. ; ; e sents our results, based upon a comparison with our calcu-
cessive planes with alternating short and long directions, %ated mode frequencies for the nonsquar@olymer. The
by a planar structure which is actually squéateye will )

X experimental peak frequencies are in the first column, with
present our theoretical results for both square and nonsquafga calculated mode frequencies appearing in columns 2 and

configurations. We find that the squarepolymer has a CM 3 (cqlumn 2 has calculatet-polymer mode frequencies, and
separation distance of 9.09 A, which compares well with theglymn 3 has calculated edge-ball mode frequenciese
experimental valu€ of 9.097 A. For the nonsquar®poly-  remaining columns contain the symmetry, the calculated
mer, we take the average of our values in the two distinc}, c,,“parent symmetries,” the polarization, and the percent

directions, yielding 9.08 A. error for each calculated mode based upon our selected as-
signments. Table Il presents the same information, but for the
IIl. RESULTS AND DISCUSSION square version of th& polymer.

Overall, agreement with experiment is slightly better for

The experimental far-infrared vibrational spectrum of thethe nonsquar@ polymer. Based on our assignments, for the
T polymer at 10 K is presented in Fig. 2. In our measuredi8 |IR-active T-polymer modes in this frequency region, the
frequency range (30—620 ¢, no intermolecular modes magnitude of average percent error is 2.8% for the nonsquare
are observed in the frequency region of 30—200 énthere- T polymer and 3.7% for the squafepolymer. Furthermore,
fore, only the spectrum from 200 to 620 cris shown. We in no part of our measured spectrum is the average error
assign each peak in the measured spectrum either to a calasignificantly smaller for the square version. On the other
lated IR-activeT-polymer vibrational mode, or to an IR- hand, there are several subranges of our measured spectrum
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TABLE I. Experimental far-infrared frequencies of the tetragdialCg, polymer, compared with calculated infrared-active frequencies
for the nonsquard polymer and for the two edge structures of Fig. 1 as simulated by first-principles QMD. The site symmetryTof the
polymer and of both edge structuresDs,;,, and all modes are nondegenerate. The method of parent-symmetry determination is described
in the text. For the polarizations, tlzedirection is in the polymer plane along tieéB direction of Fig. 1, thex direction is in the polymer
plane along thd8 C direction of Fig. 1, and theg direction is normal to the plane of the polymer. In some cases, more than one calculated
mode is assigned to one experimental peak. In those cases, the group of calculated modes is enclosed by horizontal lines.

Frequency (cm?)

Experimental Theoretical Symmetry Parent symmetries Polarization %*Error

T edge T edge

246 233  edgeB;, 98.8%H,(1) X -5.3

235 edge B,, 98.0%H4(1) y -45

235 edge By, 98.3%Hy(1) z -45

236 edgeBs, 94.9%Hy(1) y —-4.1

307 309 edgeB;, 75.4%Hg(1) 12.6%H(2) X +0.7

314 312  edge By, 46.7%Hg(1) 37.7%T4,(1) 10.0%H4(2) z -0.6
322 313 B,y 92.7%T4,(1) z -2.8
331 326 By 72.9%G,(1) 24.7%T4,(1) X -1.8
363 348 Bay, 97.5%G,(1) y -4.1

372 366 edge B,, 78.4%Tg,(1) 14.3%H (1) y -1.6
379 367 By 68.6%T,(1) 22.4%G (1) X -32
383 370 Bay 85.1%T4,(1) y -3.7
389 373 B,y 93.8%G,(1) z -4.1
392 375 B,y 93.9%H,(1) z -4.3
398 380 By 95.4%H (1) X —-45
405 397 Bay 86.0%H (1) y -3.2

411 400 edgeB,, 91.8%H(2) z -2.7

428 417  edge By, 91.7%H(2) y -2.6

451 441  edge By, 49.1%H(2) 44.5%A4(1) z -22

441  edgeB;, 62.7%Ay(1) 33.6%H4(2) X -22

484 464 edge By, 44.6%G(1) 27.4%A4(1) 18.7%H4(2) z -4.1

486 466  edgeBy, 44.8%G(1) 27.5%H(2) 15.2%A4(1) X -4.1

502 495  edgeBs, 61.1%T44(1) 28.8%G(2) y -1.4

498 edge B,, 62.8%T;4(1) 24.1%G4(2) y -0.8
510 499 By 76.1%T,(2) 12.6%H ,(2) X -2.3
500 B,y 84.1%T,,(2) z -2.0

514 501 edgeB,, 83.3%Ty,(2) z -2.2

517 502 edge By, 73.4%T,(2) 11.7%H,(2) X -2.9
523 513 Bay 72.5%H,(2) 24.8%T,,(1) y -1.9

525 515  edgeBs, 74.7%H,(2) 21.1%T,,(1) y -1.9

527 517 edgeB,, 61.0%H,(2) 30.3%T,,(1) y -1.9

517 edgeB, 66.4%T,,(2) 20.5%H ,(2) X -1.9

518 edge B;, 63.2%T.,(2) 16.7%H ,(2) 13.0%T,(1) z -1.7

531 520 edgeB,, 80.9%Ty,(1) 14.3%T34(1) z -13
533 527 B,y 86.5%T,(1) z -1.1

537 528 edgg By, 30.8%T,,(2) 20.8%T4,(1) 20.7%Gy(2) y -2.2

527 edgeBj, 72.7%G(2) 12.3%T (1) 10.1%H,(2) X -1.9

539 529 edge By, 74.2%T,(1) 21.2%H,(2) z -19

542 531 edgeB;, 34.1%Ty,(1) 31.4%H,(2) 21.3%G(2) X -2.0

544 534 edge By, 63.3%Ty,(1) 16.9%T34(1) X -1.8
546 534 Bay 65.5%T1,(2) 18.8%T,,(1) y -1.1
555 541 By 52.2%T4,(1) 40.1%H ,(2) X -25
565 556 B,y 78.6%H,(2) z -1.6
606 585 By 35.5%H,(2) 24.7%T,,(1) 15.5%T,,(2) X -35
610 596 Bay 40.4%T,,(1) 23.0%T,,(2) 15.5%H ,(2) y -23

average—2.8

%/ Error = [(Theory - Exp}/Expt]*100.
®Parent symmetry also includes 18.204,(1).
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TABLE II. Experimental far-infrared frequencies of the tetragofialCgy polymer, compared with calculated infrared-active frequencies
for the square version of the structure as simulated by first-principles QMD. The site symmetry of theTspoanmer isD,,,, and all
modes are nondegenerate. The method of parent-symmetry determination is described in the text. The polarization directions are explained
in the caption for Table |. Experimental frequencies which are not assigned here are attributed to edge effects; for these assignments, see
Table I. In one case, more than one calculated mode is assigned to one experimental peak; that group of calculated modes is enclosed by
horizontal lines.

Frequency (cm?)

Experimental Theoretical Symmetry Parent symmetries Polarization % Error
246,307,314 -
322 307 B,y 86.9%T,,(1) z —-4.7
331 322 By 78.5%G,(1) 18.7%T3,(1) X -2.7
363 343 Bs, 98.3%G (1) y -55
372 -
379 353 Bs, 93.5%T5,(1) y -6.9
383 364 By, 81.1%G,(1) z -5.0
389 368 By, 67.8%T3,(1) 15.1%G,(1) X -54
392 374 B,y 84.7%H (1) 10.3%G,(1) z —-4.6
398 382 By, 86.9%H (1) X -4.0
405 385 Bs, 97.9%H (1) y -4.9
411, 428, 451, 484,486,502 -
510 499 By, 84.4%T,,(2) —-2.2
503 By, 72.8%T,,(2) 15.0%H,(2) -1.4
514,517 -
523 511 Bs, 72.2%H ,(2) 24.7%T4,(2) y -2.3
525,527,531 -
533 526 B,y 84.6%T,,(1) 10.0%H,(2) z -1.3
537,539,542,544 -
546 528 Bs, 72.8%T1,(2) 13.8%Tq,(1) y -3.3
555 538 By, 56.0%T,(1) 35.5%H,(2) X -3.1
565 554 B,y 80.9%H,(2) z -1.9
606 586 By, 37.2%H,(2) 22.1%T4,(2) 16.6%T,,(2) X -3.3
610 589 Bs, 47.2%T4,(2) 17.5%T,,(2) 15.6%H ,(2) y -34
average—3.7

for which the average error is significantly smaller for the pattern identification for the assignment of polymer-mode
nonsquare version. For example, assignment of the 379parent symmetries. In those cases, it was necessary to as-
383-, and 389-cm® experimental peaks results in averagesume that each polymer mode was derived from a sihgle
errors of —3.7% and—5.8% for the nonsquare and square Cg, parent symmetry. However, the quantitativeCg, par-
structures, respectively, and thus favors the nonsqdare ent symmetries of Table | reveal that it is too simplistic to
polymer. While the present study does not resolve thessume that the IR-activiepolymer modes in this frequency
square-versus-nonsquare issue, the comparison between eagion are derived from singlg, Cg, parents. In our mea-
perimental and theoretical frequencies does slightly favor theured frequency region, 30—-620 cthy there are six odd-
nonsquare model. A polarized experiment on a single-crystgdarity |, Cg, vibrational levels, T5,(1), Gy(1), H,(1),
T-polymer sample could potentially resolve the is$tén
the discussion which follows, we will predominantly use our T-polymer modes. Table | lists only parent-symmetry contri-
calculated results for the nonsquarrgolymer. This choice butions of 10% or more, but we find that some of these six
does not affect our overall conclusions.
The quantitative parent symmetries in Tables | and Il aremer modes with frequencies as high as 1000 tnfrurther-
obtained by expanding each calculategholymer or edge-
ball normal-mode eigenvector as a linear combination of thdound to make contributions of greater than 1% to these 18
complete set of QMD-calculated mode eigenvectors fopolymer modes. Nevertheless, if we consider only contribu-
I, Ceo. With all eigenvectors normalized, the squared expantions of at least 10%, we do find that the six odd-parity
sion coefficients then give the percent contributions of each,, Cg, vibrational levels in this frequency region can be con-
I, Cso mode to each of the polymer mod®dn our previous
study of O and R polymers'® we relied on a visual mode- cording to our eigenvector expansions, ten of the 18 IR-
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active polymer modes may reasonably be considered a6 cm ! is assigned to a calculated mode which is a mix-
singly derived, i.e., the primary parent contribution is foundture of T,,(2) (65.5% and T,,(1) (18.8% parents, polar-
to be 80% or moré: Similarly, six of the 18 polymer modes ized in the normal-to-plane, or nonstretched direction. Since
may be considered to be derived from twWpCg parents, T, (1) andT,,(2) are the strongest of the IR-actiVg Cqg
i.e., the sum of the primary and secondary parent contribumodes, it is interesting that a polymer mode derived from the
tions is 80% or more. Finally, the two polymer modes as-two would be comparatively weak. For ti@ polymer, the
signed to the experimental peaks at 606 and 610°cmay  predominantlyT,,(2)-derived modes polarized in the un-
be considered to be derived from thrigeCe, parent levels.  stretched directions were also assigned to relatively weak
In other words, each of these last two modes is principally @xperimental peak€ But for the R polymer, the
linear combination of modes from the,(1), Hy(2), and T, (2)-derived mode polarized in the normal-to-plane direc-
T14(2) parent levels. tion was best assigned to a relatively strong experimental
According to our assignments, the experimental peakpeak'®A polarized experiment on a single-crystapolymer
with contributions fromiT,(1) andG(1) parents are found sample, or a fully reliable calculation of IR strengths, would
to be mostly singly derived, and the overall splittings of thebe useful to reduce uncertainty in the 546-Cnpeak assign-
Tsu(1) and Gy(1) contributions are about the same; ment.
~60 cmi . The H(1)-parent contributions are found in  As already mentioned, the experimental peaks at 606 and
three singly derived peaks with a narrow splitting of only 610 cm* are assigned to calculated modes which are found
13 cnm' . Between 510 and 610 cm, we find a consider- to be triply derived, i.e., to be linear combinationsTaf,(1),
able mixing of the three odd-parity, Cso parents:Ty, (1),  Hy(2), andT1,(2) parent modes. These two peaks, which
Hy(2), andTy,(2). Of thenine calculated-polymer modes are assigned to the most collective of the IR-active
which are assigned to experimental peaks in this frequency-po|ymer modes in our measured frequency range, make up
region, only three are found to be singly deriveall of 5 prominent feature in the measur&golymer spectrum, a
which are polarized in the direction of the chains connecteqeatyre which is more than 30 &h from the nearest mea-
by in-plane four-rings—see Table H,(2) andT,,(2) con-  syred frequency of any odd-parity Ce, level [the T1,(2)
tributions of greater than 10% appear in peaks over the entirRye| at 575 cm?], and which is characteristic of all three
frequency range, and,(1) contributions are found in HTHP polymers. This feature occurs at 613 and 610 tm
peaks from 523 to 610 cnt. Several of theT-polymer as-  for the O and R polymers, respectivef? In our previous
signr_nents in this 510—610-cm region merit extended dis- study of theO andR polymers!® relying on a visual identi-
cussion. fication of mode patterns, we tentatively assigned these
The experimental feature at 510 Chhas the lowest fre-  modes as beingl,(2) derived. We have since repeat®d
quency of any peak which is assigned to a calculated modgnd R-polymer analyses with the benefit of our eigenvector
with Ty,(1), Hy(2), or Ty (2) contributions. This expansions, and we find that, as in the case ofitpelymer,
510-cm ' feature is assigned to two nearly degeneratgheO- andR-polymer features at 613 and 610 ci respec-
modes, with calculated frequencies of 499 and 500 M tively, should also be assigned to rather collective modes,
Both of these modes are primarily,(2)-derived(see Table  having at least three major parent symmetry contributors in
|), and they are pOIarized in the two in—plane directions ineach case. The updated ana|ysis&*bo|ymer parent sym-
which the G balls are stretchedAB andBC in Fig. 1). N metries, using the measured spectrum from Ref. 16, is pre-
Ih Ceo, the T14(2) modes have frequencies of 575t sented in the Appendix. The reassignment of Ragolymer
higher than the frequencies of either tiig,(1) modes, at spectrum is of considerable interest in light of the recently
526 cmi ', or theH,(2) modes, at 534 cit. Therefore, the  reported 300-K ferromagnetic properties of Reolymer:2
major T,,(2) contributions polarized in the stretched direc- Our updated analysis of tH@ polymer was carried out with
tions are downshifted below any majdn,(1) or H,(2)  the benefit of an improved sample and will be presented
contribution. This strongT,,(2)-parent downshift is also elsewheré?
found in the spectra of th® andR polymers'® and thus is a There are several weak but reproducible experimental
common feature of all three HTHP polymers. peaks which we have assigned to the calculated IR-active
The IR peak at 523 ci' is the strongest in our measured modes of the perpendicular- and parallel-edge balls of Fig.
frequency ranggFig. 2), and is assigned to a calculated 1(b), as indicated in Table I. The loss of inversion symmetry
mode which is principallyH,(2)-derived[72.5%H,(2) and in these edge balls means that even-pafityCs, parent
24.8%T4,(1)]. The assignment of this peak as principally modes may contribute to IR-active polymer modes. For ex-
H.(2)-derived is somewhat surprising, sincelinCqo the  ample, the features at 246, 307, and 314 ¢pare assigned
T1,(1) modes exhibit the strongest IR absorption and theo H,(1)-derived IR-active edge-ball modes. Similarly, the
H.(2) modes are not infrared active. Furthermore,Ith€s,  features between 410 and 502 chin the spectrum are at-
T1,(1) frequency is 526 ct, closer to 523 cm? than the  tributed to edge-ball modes derived frohhy(2), Ag(1),
I, Ceo Hu(2) frequency of 534 cmt. Without benefit of a Gy(1), andT34(1); however, because the density of calcu-
calculation, the 523 cmt experimental feature would al- lated IR-active edge-ball frequencies in this region is rather
most certainly have been expected to be derived principallyarge, the assignments in this region are especially tentative.
from I, Cgo T1,(1). In assigning the weak experimental features which are super-
On the other hand, the weak experimental peak aimposed on the peaks fol-polymer IR-active modes,
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namely, those in the frequency regions 320-410 anaf edge to corner balls, assuming smooth edges, is thus be-
510-610 cm?, we have assumed that the calculated modesween 20 and 50 to 1, it is reasonable that we have not
which are strong according to odrpolymer assignments assigned any of the defect-induced experimental peaks to
will also be strong for the edge balls. For example, the feacorner balls.
ture at 372 cm? is assigned to a perpendicular-edge mode
which is primarily T4,(1)-derived and which has a normal-
to-plane polarization. The similar calculated mode for The
polymer is assigned to the relatively strong experimental
peak at 383 cm’. The 372-cm ! feature may be thought of In summary, we have measured the far-infrared vibra-
as a “companion” to the strong 383 ¢ experimental tional spectrum of the tetragonakgJpolymer, and assigned
peak. As another example, the two weak features at 514 artie observed spectral features according to our QMD calcu-
517 cm ! are assigned to the parallel- and perpendicularfations. The quantitative parent symmetries of each polymer
edge modes which ark;,(2) derived, and which are polar- vibrational mode have been calculated by expanding the
ized in the most stretched directions, namely, the direction3-polymer eigenvectors in terms of the eigenvectors for
parallel to the respective edges. These may be thought of dg Cgq. We find that almost half of the IR-activE-polymer
the companion peaks to the strong experimental peak aftibrational modes in this frequency range are derived from
510 cni . In order to assign all of the weak experimental more than one,, Cg, parent symmetry. In particular, in the
features, we had to make only one exception to this assumgrequency range between 500 and 620 ¢prthe T-polymer
tion. In this case, the very weak feature at 537 ¢énis at- modes tend to be collective in nature. The strong downshift
tributed to either of two modes(a) a rather collective of the T,,(2)-derived modes which are polarized in the
parallel-edge mode that has the larg€st(2) parent mode stretched directions, a downshift which had already been ob-
contribution and is polarized in the normal-to-plane served for theO and R polymers, is also found for the&
direction—this is a companion peak to the 546-Cnexperi-  polymer. These results are in line with the reduced symmetry
mental peak, which as we have already discussed, is surpriand the considerable distortion of thg,®all due to covalent
ingly weak; or(b) a mode that is principallz4(2) derived.  bond formation in theT polymer, and confirm that a weak
By calculating the relative intensities of an experimefital perturbation model is not appropriate for understanding the
polymer peak and its companion edge peaks, and by assumibrational properties of these covalently bondeg) Galls.
ing that, for a particular mode, the IR absorption per ball isFinally, we have presented theoretical results for both square
approximately the same independent of the type of ball, wend nonsquare configurations of tligpolymer planes. The
can estimate the ratio df-polymer to edge balls. We esti- calculated IR-active frequencies for either version provide a
mate a ratio of between 5 and 12 to 1, which translates to aatisfactory fit with experiment; however, a slightly better
domain size of 24—-50 nm. Because the corresponding ratiagreement for the nonsquare version does leave open the

IV. CONCLUSION

TABLE lIl. Experimental and calculated far-infrared frequencies of the rhombohé&Rrglolymer. The site symmetry of tHe polymer
is D3q, and the infrared-active modes are twofold degeneratg 6r nondegenerate?,,). The method of parent-symmetry determination
is described in the text.

Frequency (cm?)

Experimental Theoretical Symmetry Parent symmetries Polarization % Error
319 299 E, 49.9%T,,(1) 28.2%G,(1) 19.8%H,(1) in-plane -6.3

- 320 E, 54.3%G,(1) 36.5%T5,(1) in-plane -

362 336 Ay, 98.1%G,(1) normal-to-plane -7.2
383 366 E, 79.7%H (1) 10.8%T4,(1) in-plane —-4.4
398 401 E, 78.4%H (1) 10.9%G,(1) in-plane +0.8
450 429 A,y 82.1%T,,(1) normal-to-plane —-4.7
510 491 E, 63.6%T,(2) 13.6%H,(2) 11.3%T,,(1) in-plane -3.7
515 496 A, Four-connected balll1,,(2) - -3.7
522 508 A, Four-connected ball - —-2.7
525 512 E, 70.9%H,(2) 9.8%Tq,(1) in-plane -25
531 523 Ay, 71.5%T,,(1) 11.1%T,,(2) normal-to-plane -3.5
538 530 A, Four-connected ball - -15
552 534 E, 53.9%H,(2) 20.0%T4,(2) 18.1%Tq,(1) in-plane -3.3
557 538 Ay, 79.5%T,,(2) 13.8%T,(1) normal-to-plane —-3.4
567 555 A, Four-connected ball - -21
610 5982 E, 33.8%Tq,(1) 28.3%H,(2) 18.5%H ,(3) in-plane -2.0

average—3.3

&The parent symmetry also includes 11.68(4).
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modes ofl, Cgg are degeneraté;, Cqo has only 46 distinct fre- a
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I, to D, symmetry reduction indicates that for each odd-parity modes to have dramatically different intensities.

I, vibrational level, except for the nondegeneratemode, there 837 .T. Zhu, V. C. Long, J. L. Musfeldt, K. KamasaG. B. Adams,

will be three IR-activeD,, vibrational modes. Therefore, when J. B. Page, V. A. Davydoy, Y. Iwasa, and W. E. Magunpub-
I--symmetric G, balls of fcc G solid are transformed into lished.
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