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In light of the recent silylation route to protonated pentacyanocyclopentadienyl (PCCp) anion reported by
Richardson and Reed (Richardson, C.; Reed, Chem. Commur2004 706.), PCCp anion, neutral radical,

and protonated species have been investigated theoretically. The predicted adiabatic electron affinity for PCCp
(ZPVE-corrected value in parentheses) is enormous, 5.56 (5.47) eV. As with the unsubstituted cyclopentadienyl
radical, the PCCp radical exhibits a Jatireller distortion from theDs, symmetry of the aromatic anion,
yielding five equivalent?B, minima that should show uninhibited pseudorotation aboudsa conical
intersection. Formation of the conjugate acid occurs via protonation of the anion at a nitrile nitrogen, which
is favored over protonation at a ring carbon by 6.5 kcal/mol, with the preference explained by retention of
aromaticity upon protonation at the nitrogen. Possible acid dimer structures have been investigated to evaluate
the proposed polymeric acid structure of Richardson and Reed. Our predictions confirm their suggested
polymeric structure, but we also present an alternative, self-contained dimer that should be competitive
kinetically and thermodynamically. Vibrational frequencies and infrared intensities are predicted, to aid in
the experimental identification of several of these species.

Introduction of a ring carbon (to form pentacyanocyclopentadiene) and do
not report relative energies of alternate protonated structures.
Recently, Vianello et al. investigated neutral organic superacids

nated chemists since it was first synthesized by Webster in theformed from cyclopentadiene derivatives. Their study included
i 1,2 ili ilici i i .
mid 1960s!2 The stability and low nucleophilicity of this anion, both nitrile nitrogen and ring carbon protonated PEGY

ascribed to delocalization and aromaticity, allows its classifica- . : . .
. L . o isomers with respective ZPVE-corrected deprotonation enthal-
tion as a weakly coordinating anion. Applications of weakly

coordinating anions and the corresponding conjugate acidsP'ss 0f 263.5 and 256.5 kcal/mol at the B3LYP/6-313(d,p)//

- 1
include, but are not limited to, counterions of catalysts in Bgllr‘lYt';/eBCilrig) rlt(:;l:;rocfhth\?voertxamine the anion and neutral
polymer reactions, crystallization reagents, and electrolytes in structures, along with adiaBatic electron affinities (gAvertical
nonagueous or aprotic medi. ’ 9

The PCCp anion was long thought to be unprotonatable aftere'eCtron gffinities (EAer), and _vertical detgchmen_t energies
unsuccessful attempts with many different acids, including the (VDE), using thr(:e carefully calibrated dens_|ty func_tlonal thec_)ry
strong perchloric oxyaciélThe recent report by Richardson and gtar':;)urn;:th:nd dé' mvxgefl?rc:ee)c(j‘i)rlr?é?izg%f:“gfl i\?vrgug?(;?or?;g d
Reed® however, shows that silylation followed by exposure to I - P
triflic acid in toluene precipitates the elusive acid. Based on pentacyanocyclopentadienide anions to evaluate the suggested

solubility tests, a lack of cyclopentadiene-like IR bands con- Eﬁg/rr:;g?izztntjﬁ;ureogn:i?;h:rrlcé?on sggaseéejg;the{hem
sistent with protonation of a ring carbon, and the absence of P 9y 9

characteristic infrared NH stretching bands near 3000 ch stretching mode to investigate the presence (or absence) of SSLB

they describe the acid as being polymeric, depicted in Figure hydrogen bonds and to aid in the interpretation of IR spectra.
1, with short, strong, low-barrier (SSLBN—H—N bonds. .

Over the past fifteen years the PCCp anion has been studiedTheoretlcal Methods
with a number of theoretical methods-! While it is commonly The basis set chosen for this study is described in the recent
accepted that the aromatic anion maintabg symmetry, review by Rienstra-Kiracofe et &b This set, herein denoted
confirmed by experiment in 1973,a recent paper by Tang et DZP++, comprises the standard Huzinagaunning doubles
al. reportsC,, symmetry? However, the geometry presented basis sét-!*with additional pure spherical harmonic polarization
by Tang et al. actually exhibits, symmetry, notCs,. functions pp(H) = 0.75, ag(C) = 0.75, ag(N) = 0.8] and
Johansson et al. investigated complexes 6fwith the PCCp additional diffuse functionsols(H) = 0.0441504C) = 0.04302,
anion and other heterocyclic anioFswhile Koppel and co-  0p(C) = 0.03629,04N) = 0.06029,05(N) = 0.05148]. The
workerd-8 have carried out a series of studies on the gas-phaseneutral PCCp radical, the PCCp anion, and the protonated
acidities of a number of superacids, including the PCCp anion structure PCCpH were modeled using this DZP+ basis set,
and its conjugate acid, using semiemprical (PM3) and den- while the dimer structures were optimized using the same basis
sity functional (BSLYP) methods. The 6-3tG** B3LYP set excluding the diffuse functions, denoted DZP.
deprotonation energywithout ZPVE corrections, was 256.6 Three different DFT functionals were utilized: Becke’s three-
kcal/mol. However, they appear to have only studied protonation parameter function#l with Lee, Yang, and Parr's correlation
functional” (B3LYP); Becke’s 1988 exchange functioHalith
* Corresponding author: hfs@uga.edu. Perdew’s 1986 correlation functiod&f® (BP86); and Becke’s

The pentacyanocyclopentadienide (PCCp) anion has fasci-
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Figure 1. Polymeric acid structure proposed by Richardson and Reed (ref 5).

1988 exchange functional with Lee, Yang, and Parr’s correlation (@
functional (BLYP). These three functionals, combined with the 7 B3LYP 1.170
DZP++ basis set, have been shown to accurately predict e

experimental electron affinities for a test set of 91 atoms and
molecules. For this test set, the B3LYP, BLYP, and BP86 results
exhibited average errors of 0.14 (0.16), 0.14 (0.15), and 0.18
(0.19) eV, respectively, where harmonic zero-point vibrational
energy (ZPVE) corrected average errors are listed in parenthe-
ses!3 These errors are on par with or smaller than experimentally
observed errors for all but a few molecules. More specifically,
Rienstra-Kiracofe et &t demonstrated excellent agreement
between experimentl?® and DFT values for the electron
affinity of cyclopentadiene, with BP86 performing the best
among these three.

Investigations were carried out using the Q-Chem 2.1
computational chemistry packagfeConvergence thresholds for
geometry optimizations were 1% 10°° hartree bohr! for
gradients, 60x 107% bohr for displacements, and = 1076
hartree for the energy. Analytically computed harmonic vibra-
tional frequencies were used to characterize each stationary point
and to provide ZPVE corrections. All structures presented herein Figure 2. PCCp anionDs;) bond lengths (A) optimized at the DR+
are minima unless otherwise stated. The adiabatic electronB3LYP, BLYP, and BP86 levels of theory.
affinity (EAag, vertical electron affinity (EAer), Vvertical
detachment energy (VDE), and deprotonation energy (DE) are
defined explicitly: BLYP 1187

BP86 1.187

EAad = E(optimized neutral) E(optimized anion)
EA

vert — E(optimized neutral) E(anion at neutral geometry)
VDE = E(neutral at anion geometry) E(optimized anion)
DE= E(optimized anion) E(optimized protonated structure)

To understand the energy differences between competing
protonated structures, nuclear-independent chemical shift (RICS)
values have been determined as a gauge of aromaticity. NICS
values were computed at the center of the ring (NICSO0) for each
of the acid structures using the DZR- GIAO-B3LYP
method?6-30 at optimized DZR-+ B3LYP geometries, using
Gaussian94!

Results and Discussion

The following discussion will utilize the standard IUPAC  gigyre 3. Structure of the?B, component of the JakrTeller split
numbering scheme for a substituted Cp ring, with carbon 1 along PCCp neutral radicald,), optimized at the DZP+ B3LYP, BLYP,
the C, axis in theC,, neutral radical and the ring carbon closest and BP86 levels of theory (bond lengths are in A).
to the protonation site for the conjugate acids. Carbon atom

numbers are included in the figures for clarity. yields a?E;’ state that will distort taC,, or lower symmetry
I. PCCp Anion and Its Electron-Detached Neutral Radi- due to the JahnTeller effect.
cal. Geometries for the anion and tRB, neutral radical are We have investigated the resultidg; and B, structures

shown in Figures 2 and 3, respectively, optimized using the using DZP++ B3LYP, and the harmonic vibrational frequencies
B3LYP, BLYP, and BP86 methods with the DZR- basis set. suggest that théB, structure (Figure 3) is a minimum. The
The aromatic pentacyanocyclopentadienide anion exhijts distorted?A; structure (Figure 4) corresponds to a transition
symmetry, with complete delocalization of the sixelectrons. state separating equivaléeift; structures (there will, of course,
However, the formation of the corresponding neutral radical be five equivalentB, minima separated by five equivaleiit;
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Figure 4. Structure of the’A; compontent of the JahfTeller split
PCCp radical C,,), optimized at the DZf+ B3LYP level of theory
(bond lengths are in A). This structure corresponds to the transition
state for pseudorotation, connecting equivalent forms of g
structure, shown in Figure 3.

TABLE 1: Electron Affinities (eV) of PCCp
(ZPVE-Corrected Values in Parentheses)

B3LYP BLYP BPS6
EAad 5.56 (5.47) 5.26 (5.18) 6.05 (5.97)
EAver 5.44 5.17 5.97
VDE 5.68 5.34 5.60

transition state structures). Given the minor differences in
geometry between tH8, and?A; geometries, it is not surprising
that the computed barrier to pseudorotation, through?te
transition state, is negligible<0.01 kcal). The resulting picture

is one of uninhibited pseudorotation aboutDs, conical
intersection, similar to the potential energy surface of the Cp
radical?2-3233Applegate et al. arguett based on symmetry, that

Lord et al.

127.9° 125.9°
127.9° 125.9° N
127.9° 125.9° 179.8
179.7°
179.7°

Figure 5. PCCp acid 1 (9 bond lengths (A) and angles, optimized
at the DZP-+ B3LYP, BLYP, and BP86 levels of theory.

1.164 1.471 108.3°
1.177 1.480 108.1°

127.4° 126.5°
127.5° 126.4°
127.4° 126.4°

Figure 6. PCCp acid 2 (g bond lengths (A) and angles, optimized

the energy should be invariant with respect to the pseudorotationat the DzP-+ B3LYP, BLYP, and BP86 levels of theory.

coordinate for the Cp ring. Given the expected precision of DFT

integration grids and the energy convergence criterion utilized in Table 1. The large EA values are expected, given the
for optimizations, this suggestion is consistent with our results. stabilization of the anion due to aromaticity coupled with the
Regardless, since our current focus is on the electron affinity electron-withdrawing effect of the five cyano groups. The neutral
of this radical, we have computed only tf®, C,, minimum radical is not aromatic and is not subject to as large a
with the remaining functionals. stabilization effect due to the cyano groups. The theoretical

In the neutral?B, radical, the unpaired electron is largely
localized on ring carbon £Swith spin density analysis indicating
partial delocalization to the adjacent nitrile N and carbogs C

adiabatic EA of the unsubstituted Cp radical is 1.71 eV (using
DZP++ B3LYP)2! less than one-third the magnitude of that
for PCCp. To a crude approximation, the difference of 3.7 eV

and G (see Figure 3 for numbering scheme). Such a distribution may be attributed to the stabilization of the PCCp anion afforded
of spin density is expected from partial delocalization through by the five cyano substituents, since the aromatic stabilization
the -system. The geometry changes observed going to theof the anion is expected to be of similar magnitude for the two

neutral radical are a lengthening of the-C, and G—C, bond
lengths along with a contraction of the,©C; bond length,
consistent with a gain in cyclopentadiene character. The nitrile
groups are relatively unaffected, with only slight deviations from
linearity, except for the nitrile at ££ which experiences an
elongation of the connecting-&C bond due to the disruption
of resonance with the ring.

Computed EAq values, with ZPVE-corrected values in

systems. Irrespective of the interpretation, cyano substitution
has a profound effect on the Cp radical and anion.

Il. PCCp Conjugate Acids. Two distinct acid minima were
located using all three DFT functionals, in agreement with the
findings of Vianello et al! The geometries for acid 1, with the
proton bound to a nitrogen, and acid 2, with the proton bound
to a ring carbon, are shown in Figures 5 and 6, respectively.
We were unable to locate a stationary point corresponding to a

parentheses, are enormous, 5.56 (5.47), 5.26 (5.18), and 6.0%roton bound to the cyano carbon. Natural population andfysis

(5.97) eV using the B3LYP, BLYP, and BP86 functionals,
respectively. With the use of these same functionals the{EA
VDE) values are (5.44, 5.68), (5.17, 5.34), and (5.97, 5.60) eV,
respectively. A summary of these electron affinities is shown

of the PCCp anion yields charges-©0.37,+0.33, and-0.15

au on the nitrogens, cyano carbons, and ring carbons, respec-
tively, consistent with our findings regarding the favored
protonation positions. A summary of the deprotonation enthal-
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TABLE 2: Deprotonation Enthalpies (0 K, kcal/mol),
Corresponding to the Reaction PCCp-H — PCCp~ + H*2

previous
B3LYP BLYP BP86 work?
acid 1 269.3 (262.5) 271.0(264.4) 271.2 (264.7) (263.5)
acid 2 262.8 (256.0) 263.1 (256.6) 262.1 (255.7) (256.5)
energy 6.5 (6.5) 7.9 (7.8) 9.1(9.0) (7.0)
difference

aAlso included are energy differences for the conjugate acid
structures (ZPVE-corrected values in parenthegdgsom ref 11, at
298 K.

TABLE 3: Harmonic Vibrational Frequencies (cm~1) and
IR Intensities (km/mol, in Parentheses) for Acid 1 Cs
Symmetry), Predicted Using the DZP-+ B3LYP and BP86
Methods

B3LYP BP86

a a’ a a’
68 (4) 71 (0) 71 (5) 76 (0)
95 (0) 88 (4) 101 (0) 92 (4)
107 (7) 106 (1) 111(7) 111 (2)
110 (10) 227 (1) 115 (11) 235 (1)
232 (7) 235 (1) 242 (9) 246 (1)
416 (4) 411 (1) 433 (1) 432 (2)
422 (22) 421 (1) 438 (47) 435 (0)
453 (1) 462 (1) 471 (2) 482 (1)
475 (3) 495 (0) 488 (1) 578 (0)
478 (1) 527 (9) 497 (13) 551 (11)
493 (18) 629 (66) 513 (43) 651 (75)
538 (8) 755 (0) 564 (28) 789 (0)
713 (696) 774 (2) 683 (783) 814 (2)
725 (41) 847 (3) 764 (3) 868 (3)
862 (10) 1145 (5) 855 (7) 1177 (6)
1170 (17) 1348 (3) 1201 (26) 1394 (4)
1348 (21) 1494 (1) 1386 (50) 1560 (2)
1412 (54) 2211 (31) 1457 (82) 2315 (43)
1454 (9) 2228 (2) 1506 (19) 2329 (1)
2109 (931) 2171 (1161)
2213 (2) 2317 (4)
2221 (2) 2325 (8)
3475 (225) 3584 (345)

pies (0 K) and relative stabilities is included in Table 2. Predicted
harmonic vibrational frequencies are included in Tables 3 and
4 for acids 1 and 2, respectively.

Acid 1 (Cs symmetry), a structure with a bent nitrile arm
where the proton is bound to the nitrogen, has a barrier to
inversion of 2.4 kcal/mol (using B3LYP) through a plar@y,

transition state structure, shown in Figure 7. The acid structure

exhibits an elongation of the nitrile bond at the site of
protonation as well as contraction of the connectinrgGbond
length, relative to that of the anion. The resulting-C bond
length is 1.356 A (using B3LYP), which is slightly longer than
a typical (ethylene) €C double bond. The other nitrile bond

lengths are relatively unaffected, though a slight bending of these

arms is observed. The qualitative changes of the ring bond

lengths are the same as those seen upon formation of the neutral

radical: elongation of the ££C, and G—C,4 bonds and a
shortening of the &€-Cj distance. The lengthening along
C3—C4 is of a much smaller magnitude than that observed for
the neutral radical. The average difference in bond length
between our reported structure and that of Vianello ét &.
0.004 A, with a standard deviation of 0.001 A, well within the

expected error of DFT. The theoretical gas-phase deprotona-
tion enthalpies (ZPVE-corrected values given in parentheses)
for this species are 269.3 (262.5), 271.0 (264.4), and 271.2

J. Phys. Chem. A, Vol. 109, No. 44, 20080087

TABLE 4: Harmonic Vibrational Frequencies (cm~1) and
IR Intensities (km/mol, in Parentheses) for Acid 2 Cs
Symmetry), Predicted Using the DZP-+ B3LYP and BP86
Methods

B3LYP BP86

d a' d a
54 (1) 74 (0) 49 (1) 71(0)
101 (2) 95 (0) 96 (1) 91 (0)
104 (13) 112 (9) 100 (11) 107 (7)
115 (13) 224 (0) 111 (11) 215 (0)
222 (2) 243 (0) 212 (1) 233 (0)
344 (1) 404 (0) 328 (0) 388 (0)
430 (2) 428 (2) 414 (1) 415 (3)
445 (2) 459 (1) 430 (1) 440 (0)
466 (2) 487 (0) 453 (1) 467 (0)
488 (0) 551 (0) 469 (0) 529 (0)
515 (2) 731 (2) 497 (2) 703 (2)
629 (0) 795 (0) 604 (0) 761 (0)
760 (1) 848 (11) 728 (1) 825 (9)
913 (8) 1101 (7) 884 (6) 1071 ()
1073 (1) 1159 (11) 1041 (1) 1111 (9)
1193 (1) 1328 (4) 1157 (1) 1283 (6)
1275 (0) 1640 (8) 1222 (0) 1565 (8)
1355 (9) 2314 (0) 1315 (6) 2207 (1)
1585 (0) 2337 (4) 1516 (0) 2235 (5)
2313 (1) 2206 (1)
2334 (1) 2230 (3)
2351 (0) 2252 (0)
3033 (14) 2950 (11)

The second acid minimunC{ symmetry), with the proton
bound directly to the ring carbon, is found to lie 6.5, 7.9, and
9.1 kcal/mol higher in energy than that of acid 1 using the
B3LYP, BLYP, and BP86 functionals. Zero-point-corrected
relative energies are 6.5, 7.8, and 9.0 kcal/mol, respectively,
compared to the ZPVE-corrected energy of 7 kcal/mol computed
by Vianello et al! The B3LYP deprotonation energy for acid
2 is seen to agree with the value reported by Koppel ¢t al
and the ZPVE-corrected deprotonation energy agrees well with
Vianello et al'! The elongation of the bond between the nitrile
and ring carbon at the point of protonation, accompanied by a
decrease in the 2 C;—C; angle to 103, are indicative of a
rehybridization of the ring carbon from %go s@. This
rehybridization also accounts for the lengthening of the G,
bond length and the shortening of the—C; bond length
of greater magnitude than that seen in the neutral radical or

B3LYP 1.005
BLYP 1.011
Q. BP86 1.011

128.1° 125.6°
128.1° 125.6°

179.9°

179.9° (

179.9°\

Figure 7. PCCp acid transition stat€4,) bond lengths (A) and angles,

(264.7) keal/mol using B3LYP, BLYP, and BP86, respectively. gntimized at the DZR+ B3LYP, BLYP, and BP86 levels of theory.
Our ZPVE-corrected B3LYP result (262.5 kcal/mol) compares This transition state connects equivalent forms of acid 1, shown in

well with the value of Vianello et al. (263.5 kcal/mol).

Figure 5.
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B3LYP 1.056
BLYP 1.067
BP86 1.076

Dimer 3 (C,.)
Figure 8. PCCp acid dimer bond lengths (A) and angles, optimized at the DZP B3LYP, BLYP, and BP86 levels of theory.

acid 1. The other nitrile groups are mostly unaffected. Again, the formation of acid 2. Despite this extreme difference in
our geometry shows remarkable agreement with that of Vianello aromatic character, both acids qualify as superacids. Therefore,
et al., having an average difference of 0.003 A with a standard while the aromaticity retention explains the relative energies
deviation of 0.002 A. of the acids well, the overwhelming acidity of these isomers is

The relative energies of the two acids, shown in Table 2, primarily due to the anion resonance effect and not aromaticity,
can be justified in terms of retention of aromaticity upon as noted by Vianello et &
formation of acid 1, as measured by computed NICS valbies. Ill. PCCp Acid Dimers. To more directly evaluate the merits
NICS values have been shown to correlate well with alternative of the postulated protonated polymer structure of Richardson
measurements of aromaticity based on geometric, energetic, andnd Reed, we have computed optimized geometries for three
other magnetic criterigt36-40 with a more negative NICS value  plausible dimers of protonated PCCp, shown in Figure 8. Given
indicative of greater aromaticity. The primary advantage of using the size of these structures and the relatively small changes that
NICS as a gauge of aromaticity is that no reference molecule occur relative to the structure of isolated acid 1 upon dimer-
or calibration is require yielding, in the limit of large rings,  ization, we have elected to include in Figure 8 only the opti-
an absolute scale for aromaticity. The NICS values, calculated mized parameters for the-NH bonds. The first dimer (dimer
at the DZP-+ GIAO-B3LYP level of theory, are-16.5,—13.9, 1), representing a segment of the polymeric arrangement sug-
and—7.90 ppm for the anion, acid 1, and acid 2, respectively. gested by Richardson and Reed, features a head-to-tail alignment
There is a slight disruption of aromaticity upon formation of with a proton asymmetrically bridging two cyano groups.
acid 1, evinced by the slight increase in the NICS value of acid  Clearly, there should exist a distinct isomeric structure (dimer
1 compared to that of the anion, while acid 2 exhibits a more 2) with the singly bound proton connected to then@rile group,
drastic reduction in aromatic character. Such a result is expectedrather than the gnitrile. Given the stereoelectronic equivalence
given the rehybridization of the ring carbon and concomitant of the G and G ring positions in a Cp system, we expect the
disruption of the continuous ring of p-orbitals that accompanies energies of these two distinct structures to be nearly equal, and
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TABLE 5: Dissociation Energies of Possible Acid Dimer 160 T T T T T T
Structures, Corresponding to Reaction 1 (ZPVE-Corrected 140 F i

40 -

they were found to differ by only 1.01, 0.63, and 0.70 kcal/mol 20 -
using B3LYP, BLYP, and BP86, respectively, including ZPVE o X !
. : ! I T 04 02 0 02 04 06 08
corrections. However, polymer steric crowding, which is not oI "
. . s R isplacement (r) from Equilibrium (Angstrom)
accounted for in these calculations, may limit binding to the C Ei 9. A imat tential | the-N
nitrile in an extended polymer. Additionally, there should be igure 9. Approximate potential energy curve aiong fhe-

R . - stretching coordinate for dimer 1, shown in Figure 8. The energy was
nearly uninhibited rotation about the-NH—N bonds in both computed at the DZP B3LYP level of theory for fixed monomer

dimers 1 and 2, imparting a large degree of conformational positions as a function of the displacement from the equilibriurtN
flexibility to the chain. Given the ability to bond to either the distance.

C, or GCg nitrile positions, along with the possibility of
introducing branching by joining multiple chains at a single IS seen to be asymmetric, though BLYP and BP86 predict
PCCP ring, the resulting polymer would be expected to have aSmaller degrees of asymmetry than B3LYP. This is most
highly irregular, networked structure. pronounced in the case of dimer 3, for which BP86 predicts
Since the characterization of the polymer structure by N—H and N--H bond distances that differ by only 0.18 A,
Richardson and Reédvas part|a|ly based on the |ack Of the DeSpI'[e the faVOI’ab|e d|mer|zat|0n energy Of dlmer 3, dlmerS
characteristic N-H stretching band, an alternative self-contained 1 and 2 would be expected to more readily form a polymeric
isomeric dimer structure (dimer 3, see Figure 8), was also Structure. Such a chain of PCEpl moieties will have one
investigated. Dimer 3 was predicted to lie 11.7, 11.5, and 13.4 fewer hydrogen bond than the corresponding number of isolated
kcal/mol lower in energy than dimer 1 using B3LYP, BLYP, dimer 3 structures (e.g., four PCEpi structures can join head-
and BP86, respectively. ZPVE-corrected energy differences for to-tail to form a continuous chain linked by three hydrogen
B3LYP, BLYP, and BP86 are 12.4, 12.8, and 15.9 kcal/mol. bonds, as in Figure 1, compared to the same number of
This energy ordering is expected, however, since dimer 3 is PCCp-H monomers joining to form two isolated dimer 3
connected via two hydrogen bonds. Dissociation energies for Structures, connected by a total of four hydrogen bonds).

all three dimers are included in Table 5, corresponding to the However, in the limit of an extended polymer, the resulting
enthalpy (at 0 K) of the following reaction: energy difference will become negligible and the thermodynam-

ics, at finite temperature, will be dominated by entropic
(1) considerations. Regardless, the polymerization process should
be controlled by kinetic factors, which strongly favor the
As seen in Table 5, the stabilization affordeddachhydrogen formation of the doubly hydrogen-bound dimer.
bond is nearly equal for all three dimers, suggesting that there We have also examined the discussion of Richardson and
is little or no ring strain introduced upon formation of dimer 3. Reed concerning the existence of SSLB hydrogen bonds in

Values in Parentheses) E 120 1 i
[v]
B3LYP BLYP BP86 £ 40k -
dimer 1 14.4 (12.3) 12.8(10.8) 13.4 (11.4) 8 gl
dimer 2 13.4 (11.3) 12.1 (10.2) 12.7 (10.8) £ el
dimer 3 26.2 (24.6) 24.4(23.6) 26.8 (27.4) 2
k=
¢

PCCp-H-+PCCp-H — 2PCCp-H

For all three dimers considered, the-N---N hydrogen bond

dimer 1. Plotted in Figure 9 is an approximate potential energy

TABLE 6: Harmonic Vibrational Frequencies (cm~1) and IR Intensities (km/mol, in Parentheses) for Dimer 1 C; Symmetry),
Predicted Using the DZP B3LYP and BP86 Methodd

B3LYP BP86

32 (0) 424 (51) 555 (48) 1465 (48) 30 (0) 407 (18) 530 (16) 1424 (356)
39 (1) 429 (0) 623 (668) 1471 (668) 37 (1) 411 (0) 617 (69) 1439 (0)
70 (7) 433 (9) 644 (78) 1487 (78) 66 (6) 415 (5) 651 (808) 1449 (27)
73 (4) 435 (16) 722 (1) 1506 (1) 70 (0) 421 (20) 680 (0) 1456 (9)
74 (0) 436 (29) 731 (4) 1534 (4) 72 (4) 423 (14) 689 (12) 1475 (18)
78 (5) 439 (0) 748 (0) 1558 (0) 75 (4) 425 (0) 705 (0) 1496 (4)

95 (5) 452 (0) 753 (5) 2190 (5) 90 (4) 432 (0) 712 (5) 2127 (1266)
100 (0) 453 (23) 796 (0) 2266 (0) 96 (0) 439 (23) 761 (0) 2172 (38)
102 (0) 476 (18) 797 (1) 2308 (1) 97 (0) 459 (9) 761 (0) 2207 (88)
102 (3) 478 (1) 870 (0) 2311 (0) 98 (3) 461 (2) 848 (0) 2209 (5)
107 (2) 486 (6) 872 (4) 2315 (4) 102 (1) 467 (2) 850 (4) 2211 (21)
113 (11) 487 (12) 881 (33) 2316 (33) 108 (10) 468 (1) 859 (25) 2212 (2)
113 (14) 489 (3) 892 (37) 2317 (37) 109 (13) 477 (13) 870 (52) 2215 (56)
121 (1) 500 (171) 1181 (22) 2321 (22) 115 (0) 481 (6) 1149 (25) 2220 (0)
134 (21) 502 (7) 1191 (3) 2327 (3) 131 (22) 486 (29) 1158 (3) 2224 (4)
155 (1) 510 (77) 1204 (0) 2362 (0) 149 (1) 493 (13) 1172 (2) 2267 (236)
192 (0) 516 (10) 1205 (19) 2909 (19) 185 (0) 494 (22) 1173 (12) 2687

227 (2) 524 (14) 1385 (398) 3614 (398) 217 (2) 498 (11) 1351(1) 3514 (359)
231 (0) 525 (53) 1390 (40) 222 (0) 507 (49) 1355 (304)

235 (1) 534 (11) 1399 (16) 225 (1) 511 (94) 1358 (29)

255 (1) 542 (2) 1413 (1) 244 (1) 515 (4) 1368 (1)

258 (5) 546 (0) 1431 (72) 248 (4) 518 (1) 1417 (61)

281 (1) 551 (8) 1462 (167) 268 (1) 521 (0) 1419 (204)

aThree very low frequencies have been omitted from the fistphysical IR intensity omitted>5000 km/mol). This is possibly due to a
nearby Hartree Fock orbital instability.
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TABLE 7: Harmonic Vibrational Frequencies (cm~1) and IR Intensities (km/mol, in Parentheses) for Dimer 3 Ca, Symmetry),
Predicted Using the DZP B3LYP and BP86 Methodd

B3LYP BP86

& bg S by ay bg =Y by
48 (0) 51 (0) 28 (0) 53(7) 45 (0) 49 (0) 27 (0) 53 (6)
68 (0) 77 (0) 76 (1) 103 (2) 64 (0) 74 (0) 72 (1) 97 (2)
103 (0) 82 (0) 115 (13) 108 (10) 97 (0) 78 (0) 111 (12) 103 (7)
114 (0) 150 (0) 137 (2) 179 (8) 109 (0) 144 (0) 133 (0) 168 (15)
152 (0) 231 (0) 234 (6) 202 (145) 139 (0) 221(0) 225 (5) 217 (94)
194 (0) 250 (0) 238(0) 263 (49) 169 (0) 240 (0) 227 (0) 261 (99)
275 (0) 428 (0) 428 (1) 439 (5) 260 (0) 410 (0) 410 (0) 425 (15)
429 (0) 455 (0) 460 (0) 475 (158) 381(0) 435 (0) 439 (0) 461 (46)
443 (0) 523 (0) 523 (21) 478 (2) 430 (0) 500 (0) 499 (18) 461 (1)
477 (0) 549 (0) 549 (7) 488 (96) 460 (0) 519 (0) 519 (4) 472 (184)
484 (0) 552 (0) 552 (1) 489 (2) 462 (0) 524 (0) 525 (0) 477 (16)
501 (0) 734 (0) 734 (0) 521 (281) 471(0) 695 (0) 695 (0) 516 (36)
516 (0) 752 (0) 752 (1) 542 (0) 497 (0) 710 (0) 710 (0) 538 (988)
545 (0) 1274 (0) 1272 (148) 796 (5) 524 (0) 1336 (0) 1333 (120) 762 (5)
796 (0) 877 (184) 754 (0) 847 (1022)
868 (0) 880 (5) 771(0) 863 (37)
887 (0) 1196 (9) 863 (0) 1120
1190 (0) 1201 (530) 961 (0) 1164 (46)
1197 (0) 1244 (2101) 1165 (0) 1196 (2731)
1216 (0) 1386 (367) 1170 (0) 1361 (137)
1379 (0) 1407 (246) 1362 (0) 1371 (15)
1410 (0) 1483 (29) 1368 (0) 1435 (1)
1484 (0) 1488 (419) 1434 (0) 1443 (440)
1486 (0) 1526 (33) 1436 (0) 1466 (28)
1526 (0) 2130 (3854) 1467 (0) 1571
2092 (0) 2316 (393) 1530 (0) 2215 (63)
2310 (0) 2320 (47) 2213 (0) 2217 (44)
2318 (0) 2322 (1157) 2216 (0) 2225 (102)
2321 (0) 2326 (120) 2224 (0) 2241 (2530)
2326 (0) 2541 2225 (0) 2286 (3914)
2470 (0) 2283 (0)

20ne very low frequency has been omitted from the H&nphysical IR intensities omitted>6000 km/mol). These are possibly due to a
nearby Hartree Fock orbital instability.

curve along the N-H stretching coordinate for dimer 1, which is not as pronounced in the BP86 dimer 3 structure given
computed by freezing positions of the acid 1 monomers and the nearly symmetricAr = 0.18 A) N--+H—N arrangement.
computing single-point DZP B3LYP energies as the hydrogen
is displaced from its equilibrium position. The result is an Conclusions
asymmetric potential, with no clearly defined maximum or . .
second minimum. The absence of a second minimum, corre- _Whlieﬂ:her;e atre no f(?_xptgnmental EAstll;or I_DCCfI_pa_the p_ro?lflef-
sponding o PCCP-H'PCCp , was confimed by xpict. 5701 1 ector s aarees it prr o
geometry optimizations, all of which fall back to the minimum the favorable performance of these fun(.:tionals co,rraJ ared to
shown in Figure 8, indicating the tendency of PC&pto not . P - - P
. . . ._, experiment for the electron affinity of the Cp radiéhlye expect
bind a second proton. The symmetrical nature of this potential . - o
. . . the theoretical errors to be relatively small. Stabilization of the
as defined for a SSLB bofids not explicit; however, in the - - o
. . anion through aromaticityz-system delocalization, and the
actual polymer the potential should be much more symmetric, | ithdrawi f f the fi bsti
consistent with the experimental findings, since the proton eectron-wn rawing effect ol the five cyano su stituents
2 ., _contributes to the large theoretical electron affinity of 5.47 eV
transfer can be propagated down the chain to prevent the buildu

of positive charge on any single PCER moiety: p(from DZP++ B3LYP).
P g y sihg y: Computed geometries for the protonated anion show that the

structure with the proton attached to the nitrile N, as compared
to the structure with the proton attached to a ring carbon, is
lower in energy by 6.5 kcal/mol, using the B3LYP method,
Predicted vibrational frequencies are included in Tables 6 and which agrees well with the 7.0 kcal/mol difference reported by
7 for dimers 1 and 3, respectively. It should be noted that while Vianello et al*' This energy difference is attributed to the
dimer 1 will have a strong IR absorption around 3500-ém preservation of aromaticity, coupled with retention of stabilizing
this corresponds to theN\H stretch of the “free” proton (not  conjugation upon protonation of the nitrile group, compared to
the hydrogen-bound proton), which will only be present at the direct protonation of a ring carbon, which disrupts such
end of the chain in the actual polymer and not generally stabilizing effects.
observable spectroscopically. As such, frequencies for both We have also examined potential structures for the dimer-
dimer 1 and dimer 3 are consistent with the experimental ization of the conjugate acid, confirming the proposed structure
observations of Richardson and Rédtlis also interesting that  of Richardson and Reédbut also suggesting a self-contained
B3LYP predicts the highest,tvibration at 2541 cmt, much dimer structure, connected via two hydrogen bonds, that should
higher than the analogous BP86 frequency, 2286'cfar dimer be competitive thermodynamically and kinetically. Predicted
3. A component of this B3LYP mode is a large-N stretch, vibrational frequencies for both the polymeric structure and the

PCCp ++*H—PCCp+-H—PCCp--H—PCCp--H—PCCp-H"
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self-contained dimer are consistent with the spectra of Rich-
ardson and Reed.The resulting picture for the proposed
polymer is one of a networked structure with numerous kinks
and nearly limitless conformational flexibility.
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