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Abstract

Inelastic neutron-scattering (INS) spectra of three isotopic derivatives of polyglycine I (-COCH,NH-),, (-COCD,NH-),,
and (-COCH,ND-),, at 20 K are presented from 30 to 4000 cm ™. The band frequencies are compared to those observed in the
infrared and Raman. Assignments in terms of group vibrations are proposed. These mostly resemble previous assignment
schemes, except for the amide bands. The INS intensities reveal that the proton dynamics for the (N)H proton are totally different
from those proposed previously. They are independent of the molecular frame and the valence bond approach is not consistent
with observation. A phenomenological approach is proposed in terms of localized modes. The calculated intensities reveal that
the (N)H stretching mode has two components at ~ 1377 and 1553 cm ™~ '. This is a dramatic change compared to all former
assignments at ~ 3280 cm ! based on infrared and Raman data. These proton-dynamics are associated with a weakening of the
N-H bond due to the ionic character of the hydrogen bond (N°~...H*...0% 7) and proton transfer. The infrared and Raman
spectra are re-examined and a new assignment scheme is proposed for the amide bands; the amide A and B bands are re-assigned
to the overtones of the stretching modes. A symmetric double-minimum potential for the proton is consistent with all the
observations.
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1. Introduction dynamics of more complicated proteins of biological
interest. However, a major problem in force-field cal-

The polyglycine (PG) (~-COCH,NH-), is the sim- culation based on the infrared and Raman spectra of

plest polypeptide and the vibrational dynamics of this
polymer has been thoroughly investigated, using infra-
red and Raman [1-6]. Extensive force-field models
have been proposed [6-14]. These studies are of
importance for a better understanding of the molecular
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isotopically substituted molecules is that the number of
unknown force constants is normally very much greater
than the number of observed frequencies. Therefore,
these force fields are not free from some arbitrariness
and, in several cases, quite different force fields have
been proposed which fit equally well the observations.
In principle, this difficulty could be removed by con-
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sidering the infrared and Raman intensities which are
related to the eigen-vectors describing the atomic dis-
placements for each mode [15], but the molecular fac-
tors required for intensity calculations (the dipole
moment in the infrared and the polarizability tensor in
Raman) are largely unknown. In contrast to this, ine-
lastic neutron scattering (INS) provides direct infor-
mation on the eigen-vectors describing the vibrational
modes, because intensities are totally determined by
the nuclear cross sections and the mean-square dis-
placements of the atoms in each mode. Therefore,
dynamical models obtained from optical studies but
which produce poor fits to INS data can be eliminated
as being irrelevant. In addition, because of the very
large cross section of the hydrogen atom, INS spectra
of hydrogenous systems are dominated by the protonic
modes. On the one hand, this is a great advantage since
the band assignment is straightforward, but, on the
other, this is also a great limitation because the dynam-
ics of the other atoms remains largely undetermined.
Furthermore, whereas only the centre of the Brillouin
zone is probed with optical techniques, INS gives the
whole density-of-states. This is of importance in the
case of polyglycine where significant dispersion for the
phonon branches may take place. Finally, INS is unique
in observing overtones and combination bands which
are usually rather weak in the infrared and Raman,
except perhaps for resonance Raman.

Previous study, on the N-methylacetamide molecule
(NMA, CH;CONHCH,) and various methyl-deuter-
ated analogs [16], had shown that INS yields a com-
pletely new picture for the proton dynamics and
hydrogen bonding. The usual valence-bond approach
must be abandoned for the amidic proton which no
longer rides the displacements of the nitrogen or oxy-
gen atoms. Instead, the dynamics of the amidic proton
are best regarded as independent of the molecular-skel-
eton modes, as they are in hydrogen-bonded ionic crys-
tals [17]. In addition, the data analysis for the
CD;CONHCD,; derivative revealed that the (N)H
stretching mode must be located at ~1575 cm ™ '. The
bands at 3250~-3100 cm ™ ', originally thought to be the
stretching modes, correspond better to their overtones.
These unforeseen proton dynamics were associated
with the weakening of the N-H bond due to the ionic
character of the hydrogen bond (N°~...H*...0" ")
and proton transfer. The infrared and Raman spectra
were then reconsidered and a new assignment scheme

was proposed for the amide bands in terms of dynam-
ical proton-exchange between the amide-like
(...OCNH...) and imidol-like (...HOCN...) forms in
infinite chains of hydrogen-bonded molecules.

The leading motivation of the present paper is to see
whether the proton dynamics in the simplest polypep-
tide (i.e. polyglycine or PG) must also be reconsidered.
Previous INS studies of the polyglycine were limited
by the rather modest energy-transfer range of the spec-
trometer and statistical quality of the data [9]. Nowa-
days, one neutron spectrometer provides spectra
between 30 and 4000 cm ™', which cover the whole
internal-mode region necessary to achieve a thorough
dynamical analysis. We have therefore undertaken
an INS study of three isotopic derivatives of PG,
(-COCH,NH-),, (-COCD,NH-),, and (-COCH,-
ND-),, at 20 K. This report deals with one particular
structure of this polymer: the antiparallel-chainrippled-
sheet, usually referred to as PG I. The other structure
(triple-helix or PG II) will be reported separately.

In this paper, the INS data and qualitative band
assignments in terms of group coordinates are pre-
sented in Section 5. In Section 6, localized protonic
modes consistent with the INS data are introduced and
we propose a new assignment scheme for the amide
bands. In Section 7, we re-examine the infrared and
Raman spectra. The spectral profiles are consistent with
a symmetric double-minimum potential for the stretch-
ing mode of the hydrogen bonds. Finally, some out-
standing problems are briefly mentioned in Section 8.

2. Experimental

Polyglycine (-COCH,NH-),,, was purchased from
BACHEM. The form I was cast from trifluoroacetic
acid (CF;COOH). The (—-COCH,ND-), derivative
was obtained in the same way after three exchanges
with deuterated trifluoroacetic acid (CF;COQOD). The
final deuterium content was ~ 80% of all possible sites.
The (-COCD,NH-),, analog was prepared by polym-
erization of the glycine NH,CD,COOH in dimethyl-
sulfoxide in presence of triethylamine and diphenyl
phosphoryl azide (DPPA) [18,19]. The polymer was
precipitated by adding water saturated with NaCl and
then centrifugated. The polymer was washed three
times with water, three times with a 5% solution of
KHCO; and, again, three times with water. Finally, the
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water was eliminated by washing with acetone, then
methanol and then ether. The yield was ~30%. The
deuterated glycine was obtained from deuterated acetic
acid (CD;COOD) and trifluoroacetic acid anhydride
((CF;C0),0) [20,21]. The deuterium content was
greater than 98% of the possible sites.

INS spectra were obtained on the TFXA spectrom-
eter at the ISIS pulsed neutron source, Rutherford
Appleton Laboratory, Chilton, UK [22]. The spectra
were converted from counts per channel to S(Q,w) per
cm ' energy transfer by standard programs [23]. The
spectrometer has excellent resolution, Aw/w<2%.
The samples were wrapped in aluminum foil under a
dry atmosphere and loaded into a cryostat at 20 K. The
spectrum of the empty cryostat was subtracted from the
sample spectra.

Infrared spectra of films on BrTi plates were
recorded on a Perkin-Elmer 983 spectrometer also at
20 K. Below 200 cm ', the infrared spectra of Nujol
mulls between polyethylene plates were recorded on a
Bruker IFS113V spectrometer. Fourier transformed
infrared Raman (FTIR) spectra were obtained at room
temperature with a 2000R Perkin-Elmer spectrometer
using the 1.06 wm line of a Nd:YAG laser. The crystal
powders were in sealed glass tubes.

3. Calculation

The INS intensity calculations were performed using
the program CLIMAX [24] which produces S(Q,w)
intensities taking full account of the Debye—Waller fac-
tor for fundamentals, overtones and combinations.

4. Crystal structure and symmetry

Two structures have been proposed for PG I: the
antiparallel-chain pleated-sheet [25] and the antipar-
allel-chain rippled-sheet [26,27]. For both structures
there are four peptide groups in the unit cell. The
pleated sheet structure with D2 symmetry has twofold
screw axes parallel to the a (C5(a) ) and to the b crystal
axis (C3(b)) and a twofold rotation axis parallel to
c(C,(c)). The rippled-sheet structure with C,;, sym-
metry has a twofold screw axis parallel to b(C5(b)),
an inversion center i and and a glide plane parallel to
(a, c) (0&,(b)). The distances between two neighbor-

ing chain axesin a sheetis ~4.7-4.8 A Peptide groups
form interchain hydrogen bonds with Ry _o~2.9 A.
The most important interchain interaction is due to the
hydrogen bond. Interaction between chains in neigh-
boring sheets are much smaller.

Each normal mode for the isolated peptide unit gives
four phonon branches. The optically active symmetry
species, characterized by their phases either along the
chains (¢) or between chains (¢'), are given in Table
1. The main difference between the two structures is
due to the inversion centre in the rippled-sheet struc-
ture. Therefore, transitions are active either in the infra-
red (A, and B,) or in Raman (A, and B,). For the
pleated-sheet structure, all the B symmetry species are
infrared and Raman active. Overtones are only Raman
active for the rippled-sheet and should be totally inac-
tive for the pleated-sheet.

5. INS spectra and band assignments

The INS spectra of the three isotopic derivatives of
PG I at 20 K are presented in Figs. 1 to 3. Infrared,
Raman and INS band frequencies and assignments in
terms of group vibrations are given in Table 2.

As anticipated, the INS spectra of the (-COCH,-
NH-),, (Fig. 1) and (-<COCH,ND-),, (Fig. 3) analogs
are dominated by the bands due to the CH, entities (see
Table 2). Only the latter survive for the N-deuterated
sample. The (—COCD,NH-) derivative, on the other
hand, is dominated by the bands due to the peptidic
proton. A rapid comparison of the spectra reveals that
most of the intensity of the skeletal modes at 550-650
cm~ ! (amide IV and VI) and 200-220 cm ! (amide
VII) and of the density-of-states below 200 cm ~* (lat-
tice modes) is due to the riding effect of the CH, pro-
tons. All these modes are weak for the (—-COCD,-
NH-),, derivative (Fig. 2). This is similar to the spec-
trum of potassium hydrogen carbonate (KHCO,) [17]
and to NMA crystals at low temperature [ 16]. There-
fore, as for the NMA molecule, the dynamics of the
proton engaged in hydrogen bonding are virtually inde-
pendent of the skeletal modes. This is in marked con-
trast to the normal modes derived from previous
force-field calculations [5].

For a complete analysis of the dynamics in terms of
a force-field, it would be necessary to consider two
subsystems. Firstly, the backbone with the CH, protons
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Table 1
Symmetry species and selection rules for polyglycine I

Species v(d, ¢') Symmetry Number of modes Activity
C(a) G (b) Cy(c)

pleated-sheet (D2)

A v(0,0) 1 21 R

B1 (0, m) -1 -1 20 R, IR ()

B2 v(, 0) 1 -1 20 R, IR (L)

B3 v( 1, ) -1 1 20 R,IR(L1)

Species v(p, d') Symmetry Number of modes Activity
Ci(b) s&(b)

rippled-sheet (C2h)

Ag v(0, 0) 1 1 21 R

Au v(0, ) 1 -1 20 R, IR ()

Bu v(m, 0) -1 1 19 R, IR (L)

Bg v(w, 7) -1 —1 21 R

(||) Dichroism parallel to the chain axis; ( L) dichroism perpendicular to the chain axis.

5 — L " —_ " L

S(Q.w) (au.)
i

0 1000 2000 3000 4000
(cm-1)

Fig. 1. Inelastic neutron-scattering spectrum of polyglycine 1

(~COCH,NH-),, at 20 K.

to account for the riding effect and, secondly, the pep-
tidic proton in a potential fixed with respect to the
crystal frame. This is readily modeled with very heavy
masses (say 1000 amu) appropriately located around
the protons in order to preserve the local symmetry.
The (N)H coordinates are then defined with respect to
these masses. In the absence of off-diagonal force-con-
stants the resulting normal modes correspond to pure
protonic displacements. They are referred to as ‘local-
ized’ protonic-modes. In principle, the two dynamical
subsystems must be superimposed to allow for possible
coupling. However, this paper concentrates on the

dynamics of the peptidic proton treated totally inde-
pendently of the backbone. This approximation will be
referred to as the ‘proton in a box’ model. The normal
mode analysis of the backbone is beyond the scope of
this paper.

6. The N-H dynamics
The INS spectrum of the (—COCD,NH-),, deriva-

tive gives a straightforward identification of the NH
modes which appear in three distinct frequency ranges.

1.8 ‘ — -
7129 »
Nt
3
<
5 0.6 -

0 —
0 1000 2000 3000 4000

(cm-1)
Fig. 2. Inelastic neutron-scattering spectrum of polyglycine 1
(—-COCD,NH-), at 20 K.
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Fig. 3. Inelastic neutron-scattering spectrum of polyglycine I
(-COCH,ND-),, at 20 K.

According to the usual assignment scheme, we can
distinguish in Fig. 2 the out-of-plane bending (y NH
or amide V) at 695 cm ~'; the in-plane bending (6 NH
or amide II and III) between 1200-1600 cm ! and the
stretching (» NH or amide A and B) between 2900—
3400 cm ™!, All these modes are very localized.

In INS, there are no symmetry forbidden transitions
and the intensity of a mode is a maximum at the fre-
quencies corresponding to the maxima of the proton
density-of-states, provided the phonon-wings are
small. The y NH band shows no resolved structure in
INS and the frequencies measured with INS and infra-
red are virtually identical (see Table 2). Therefore, the
frequency dispersion is less than the observed band-
width (full width at half height ~70 cm™") and the
coupling between peptide units can be ignored for this
mode.

In the 1200-1600 cm ! region five submaxima can
be distinguished (Fig. 2 and Table 2). In the previous
interpretation of the amide bands, the §NHand vC=N
coordinates both contribute to the amide IT and Il bands
of PGI [5]. These bands peak in the infrared at ~ 1520
and 1300 cm ™!, respectively. Accordingly, the inte-
grated INS intensities for the in-plane (say between
1100 and 1700 cm~*) and out-of-plane (say between
600 and 800 cm ™ ') regions should be approximately
equal. However, the overtone of the y NH gives also
some intensity (~70% of the fundamental) [28].
Therefore, the anticipated intensity ratio is Igyy/
Lnu~1.7. However, the observed value, I;500-1600/
Is00-800 ~ 2.6, is much greater. Consequently, there is
an other protonic mode in this region, and this can only
be the stretching mode. With this assignment scheme

the calculated intensity ratio (2.7) is quite close to
observation. Therefore, as for the NMA molecule, it
must be accepted that the fundamental transition for
the stretching mode is in the amide 11 region, whilst the
amide A and B bands correspond to overtones.

The proposed assignment scheme is: first, the sub-
maxima at 1240 and 1303 cm ™" correspond to the &
(N)H mode. Because of the high degree of deuteration
for the (-COCD,NH-),, analog, the band at 1240 cm '
does not correspond to the CH bending of non totally
deuterated peptide units. (This band at 1222 cm ™! is
the most intense for the CH, analogs, see Figs 1 and
3.) Second, the shoulder at 1450 cm ™! is tentatively
assigned to the overtone of the y (N)H and, third, the
remaining bands at 1553 and 1377 cm™! are the v
(N)H modes. The splitting of this mode is supported
by the splitting of the overtones (amide A and B in the
2900-3300 cm ' region).

This new assignment scheme is supported by the
calculation of the INS spectrum of the ‘proton in a box’
model (Fig. 4). Each mode is split into two compo-
nents, which are not resolved for the vy (N)H, and
phonon-wings are ignored. This is clearly relevant for
the v (N)H band, and the calculation confirms that this
is also true for the other modes. The weak broad band
at ~2000 cm ' is due to the combination of the vy
(N)H and v (N)H modes. However, the overtones of
the » (N)H modes are calculated at ~2700-3100
cm™ ', whilst the amide A and B bands are observed at
~3000-3300 cm !, This discrepancy is due to the
anharmonicity of the actual potential (see below),
which is not included in the intensity calculation. Cal-
culated spectra with alternative assignments for the y
(N)H overtone (e.g., 1377 cm™! instead of 1450
cm™ ') are much less satisfactory.

7. Discussion

The localized nature of the (N)H modes and the new
assignment scheme we propose are the most salient
points of this work. They require a thorough re-exam-
ination of the infrared and Raman spectra. Before this,
however, it is worth comparing the INS spectra of PG
I and NMA.
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Fig. 4. Comparison of the observed (error bars) and calculated (with
the ‘proton in a box’ model) Inelastic neutron-scattering spectra of
polyglycine I (-COCD,NH-) at 20 K.

7.1. Comparison with NMA

For the normalized INS spectra of PG 1
(-~COCD,NH-),, and NMA (CD;CONHCD,) (Fig.
5) the vy (N)H bands have similar integrated intensi-
ties, although the band is broader for the polymer,
which is less crystalline than NMA. The two spectra
reveal great differences in the 1100-1400 cm ~ ! region.
The & (N)H mode which peaks at 1327 cm ™~ ' for NMA
is shifted to 1303 cm ™! in PG I. The v (N)H mode at
1575 cm ™! in NMA is also shifted downwards, to 1553
cm ™ !in PG I. The overtones of the v (N)H modes are
at similar frequencies for the two systems (i.e. ~ 1450
cm 1), and it is obvious that the bands at 1377 and
1240 cm ' in PG I have no counterparts in NMA. This
confirms that the stretching and in-plane bending

10 : : —
8 -
L i
3
o4 I
g r
2 {
0 T T T T
0 1000 2000 3000 4000
(cm-1)

Fig. 5. Comparison of the normalized Inelastic neutron-scattering
spectra of polyglycine I (-COCD,NH-), (  * ) and N-methy-
lacetamide (CD;CONHCD,, error bars) at 20 K.

+ & 8.+ - + - & o+ 8-
—H....0=C—N—H.....0= ... H—O0—C=N.....H—0—
X Y
Scheme 1.

modes have single components in NMA and two com-
ponents in PG L.

In our previous work on the NMA crystal [16] the
proton dynamics were represented as a dynamical pro-
ton exchange between two entities. These entities were
tentatively represented as in Scheme 1.

This representation of the single or double bond-
characters is extremely schematic. In the NMA crystal
at low temperature, the imidol-like form, Y, is largely
dominant whilst the two forms are almost equally prob-
able at room temperature. The reaction-path for the
interconversion of the two forms is likely to be close
to the protonic stretching-coordinate. The proton-trans-
fer dynamics would then be represented as a double-
minimum potential-function which is asymmetric at
low temperature, and symmetric at room temperature.
This was tentatively related to the collective nature for
the proton transfer in the infinite chains of hydrogen-
bonded molecules.

In PG I the two INS components of the v (N)H
mode suggest that the two entities remain equally prob-
able even at low temperature and the double minimum
potential is symmetric. The proton is totally delocalized
between the two wells. The distinction between the two
entities X and Y (see above) is no longer relevant and
the real structure is intermediate. Consequently, com-
pared to the harmonic single well, each level splits into
two sub-levels, either symmetric (lower) or anti-sym-
metric (upper). They are labeled with quantum num-
bers n* and n~, respectively. In INS there is no
symmetry-related selection rule and for a spectrometer
of the TFXA-typethe 0" — 1% and0™* — 1~ transitions
have similar intensities. They may thus correspond to
the bands at 1377 and 1553 cm ™', respectively.

7.2. Comparison with the infrared and Raman
spectra

This comparison is essential to achieve a consistent
description of the vibrational dynamics in PG 1. The
main interest is that the same vibrations are observed
with all three techniques, but with different intensities.
With optical techniques only transitions at the centre
of the Brillouin zone are observed. The symmetric dou-
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Fig. 6. Infrared spectrum of polyglycine I (-COCD,NH-),, at 20 K.
Film on a BrTI plate.

ble-minimum potential will give symmetry related
selection rules in the infrared and Raman. Only tran-
sitions between levels with opposite symmetry are
active in the infrared. (Here we consider only the first-
order term of the transition moment which is propor-
tional to the first derivative of the dipole moment with
respect to the coordinate: du/dR.) In Raman, only
transitions between levels with the same symmetry can
be observed.

The amide I, amide II, amide III and amide V bands

The infrared spectrum of PG I (-COCD,NH-),,
shows two prominent bands : the amide I which splits
into two components at 1675 and 1624 ¢cm ~?, and the
amide IT at 1518 cm ! (see Fig. 6). The usual assign-
ment for the former is predominantly to a ¥C= O mode
[5]. The Au-Bu splitting (51 cm™!) is due to dipole—
dipole coupling. In Raman, the amide I band is a rather
broad and asymmetric peak at ~ 1665 cm ™!, with no
resolved structure at room temperature (see Fig. 7).
The amide II mode is normally described as an out-of-
phase vibration of the v C=N and 8§ NH coordinates
[5]. It peaks at 1518 cm ™' in the infrared but there is
no evidence for any Au—Bu splitting. This is surprising
since dipole—dipole coupling calculations give almost
the same value ( ~60 cm ') as for the amide I band.
The amide Il mode gives a weak band at 1515 cm ™' in
Raman.

The amide III mode is a mixture of many different
internal coordinates including the § NH [5]. It is
extremely weak in the infrared at 1290 cm ~ ' and shows
moderate intensity in Raman at 1303, 1276 and 1233
c¢m ™~ '. The amide V mode is predominantly represented

as the 7 CN coordinate with a much smaller y NH
contribution [5]. Its intensity is rather modest in the
infrared, at 718 cm ™', and very weak in Raman.

In our assignment scheme, the amide I is stillaC=0
stretching mode, but here it is completely separated
from the (N)H modes. It shows no INS intensity for
(-COCD,NH-),, (Fig. 2). The weak INS intensity of
this mode for the (-COCH,NH-), (Fig. 1) and
(-COCH,ND-), (Fig. 3) derivatives, however,
reveals some mixing with the CH, coordinates. The
dynamical separation of the C= O and (N)H modes is
also in line with the very weak isotopic shift (~3
cm ') of the amide I band for the (<COCH,ND-),
analog, compared to (—COCH,NH-),, (see Table 2).

Within the symmetric double-minimum picture, the
amide I band at 1518 cm ™' in the infrared corresponds
to the v (N)H 0" — 1~ transition (this is infrared
active) observed at 1553 cm ™ ! in INS. As anticipated,
the INS band at 1377 cm !, which is assigned to the »
(NYHO" — 1™ transition, has virtually no counterpart
in the infrared. There is a very weak band in Raman at
~1380 cm ™! which might correspond to the 0 — 17
transition. The frequency difference between the
0% — 1~ transition observed in INS and in the infrared
(1553-1518=35 cm™') compares with the band
widths for both techniques. This again points to little
frequency dispersion from proton—proton coupling.

In the alternative model, with significant proton—
proton coupling, the INS band at 1377 cm ! which is
very weak in optical techniques might be assigned to a
maximum in the density-of-states, located off-centre of
the Brillouin zone. The optical bands at 1515 ¢m ™!
would then correspond to a Brillouin zone—centre tran-

1.4 . . . . ; L

0.7+
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Fig. 7. Raman spectrum of polyglycine I (—-COCD,NH-),, at room

temperature.
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sition and the INS band at 1553 cm ™' to a nearby
maximum of the density-of-states. Although it is not
possible to reject one of these two approaches at the
present stage a detailed examination of the overtone
region (amide A and B, see below) does not support
this later assignment scheme.

Our calculations suggest that the nature of the vir-
tually pure & (N)H amide III mode is basically the
same for NMA and PGI. The very weak infrared inten-
sity of this 6 (N)H mode for PG I (observed at 1303
and 1240 cm ™! in INS) is in marked contrast to NMA
[16] where it is observed strongly in INS and infrared.
We interpret this lack of intensity for the amide Il band
of PG I'in the infrared as a symmetry related extinction
effect. However, within the unit cell containing four
peptide units, this mode should give symmetry species
with infrared activity for any of the two structures
(pleated- or rippled-sheet, see Table 1). Therefore, the
selection rule cannot be due to the crystal symmetry.
Rather we believe that the infrared extinction is a con-
sequence of the symmetric double-minimum well for
the stretching mode. In the ground-state the vibrational
wavefunction is symmetric with respect to the double-
well centre and the proton is totally delocalized. The
in-plane bending of this delocalized proton must be
symmetric, as well, and, consequently, inactive in the
infrared. In principle it should be Raman active and the
bands at 1303, 1270 and 1233 cm ™ ' may correspond
to this mode. However, the origin of the splitting into
three components is not yet clear.

The nature of the pure y (N)H amide V mode is also
identical for NMA and PG I, but the intensity in the
infrared is much weaker for the polymer. As for the in-
plane bending mode, this is related to the delocalization
of the proton in the symmetric double-well of the
stretching mode. However, the greater amplitude of the
out-of plane bending (compared to the in-plane bend-
ing) favors high-order terms of the dipole moment
operator and the infrared extinction is partially relaxed
in this case, (e.g., d*u/dR? gives infrared intensity for
transitions between levels with the same symmetry).
This band is not observed in Raman.

The amide A and amide B region

In the infrared, the (-COCD,NH-),, analog of PG 1
has a rather intense band at 3290 cm™!. This is the
amide A band previously assigned to the fundamental
transition of the » NH mode. A weaker band at 3060

cm ™! and an extremely weak band at 2920 cm ! are

also observed (see Fig. 6 and Table 2). The relative
intensities are reversed in Raman: the bands at 2953
2926 cm ! are rather intense (see Fig. 6 and Table 2).
It is now straightforward to assign the amide A band
which is intense in the infrared to the v (N)HO" -2~
transition. The weak bands at 3060 (infrared) or 3075
cm ™! (Raman) are assigned to combination bands.
The bands at ~2950 cm ™~ ' which are very weak in the
infrared and intense in Raman are assigned to the v
(N)H 0% — 2" transition. The relative infrared and
Raman intensities provide a very strong support for the
existence of a centre of symmetry in the proton poten-
tial, eventhough the symmetry related selection rules
are partially relaxed by partial disorder in the crystal.
The Raman intensity at 2950 cm ™' for the (-
COCD,NH-),, analog cannot be explained by a Fermi
resonance. In addition, the alternative assignment for
the INS band at 1377 cm ™! to a Brillouin zone off-
centre transition (see above) is not consistent with the
Raman spectrum; its overtone should not be observed
with the optical spectroscopy techniques.

The frequencies of the 0 -2~ and 0" — 2% tran-
sitions of the v (N)H mode are greater than twice the
frequencies of the fundamentals (e.g., 2 X 1553 = 3106
cm™', and 2X1377=2754 cm™"). The potential is
anharmonic in that it is much steeper than usual.

7.3. Crystal field symmetry

In previous interpretations of the infrared and Raman
spectra of PG 1, the crystal field symmetry and dipole—
dipole coupling between the carbony! groups are sup-
posed to play an important role in splitting the amide I
band (16751624 cm ! in the infrared, 1668 cm ™! in
Raman) [5). However, a similar splitting calculated
for the amide I band ( ~60 cm™!) is not observed. In
our model, the double-minimum for the (N)H stretch-
ing mode implies that the levels associated with the
chain modes should also split into symmetric and anti-
symmetric sublevels. This splitting should be related to
small changes of the bond-length during the proton
transfer. Therefore, the infrared bands are then assigned
to the 0" —>1~ (1675 cm™!) and 0~ 1" (1624
cm ™) transitions, and the Raman band at 1668 ¢cm ™'
to the non-resolved 0™ = 1* and 0~ — 1~ transitions.
If the ground-state splitting is small the 0~ level
remains populated even at very low temperature and
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Fig. 8. Double minimum potential function and vibrational wavefunctions for the (N)H stretching mode in polyglycine I.

the transitions should have similar intensities in the
infrared (0" =1~ at1675cm 'and 0~ — 17 at 1624
em™ ') orin Raman (0" —» 1% and 0~ — 1~ unresol-
ved at 1668 cm ). It is also possible that this tunnel-
ling-related splitting and the dipole—dipole coupling
effect occur simultaneously.

The same approach may explain the splitting of the
é (N)H (amide IIT) band observed in INS at 1303 and
1240 ¢m . It would correspond to a small change of
the NHO angle during the proton transfer. The absence
of observable splitting for the y (N)H (amide V) band,
on the other hand, implies that this coordinate is not
involved in the proton transfer trajectory.

7.4. Proton transfer

The localized nature of the proton dynamics in PG I
revealed by the present INS spectrum analysis is com-
parable to the previous conclusion with NMA and can
be interpreted similarly. The local intramolecular inter-
actions related to covalent bonds vanish and are super-
seded by the mean field arising from long-range
interactions in the crystal. Such localized protonic
modes were first shown in the INS spectrum of KHCO;
[17] where they were supposed to stem from the ionic
nature of the crystal. The localized modes for the pep-
tidic proton reveal a strong ionic character for the
hydrogen-bonded molecules in the crystals, though
either PG I or NMA crystals are normally regarded as
molecular in nature.

Another similarity between PG I and NMA is the
very low frequency for the (N)H-stretching modes.
According to the correlation of infrared v NH frequen-

cies and crystallographic Ry, o data for various N—
H...O systems [29], a stretching frequency at ~ 3300
cm ™!, as previously assigned, was consistent with the
N...O distance of ~2.90 A in PG I or 2.82 A in NMA
[30]. However, this correlation is only correct for sys-
tems of the same structure where the proton is cova-
lently bound to the nitrogen atom and the
hydrogen-bonding perturbation does not break the N—
H bond. The stretching frequency below 1600 cm !
imposes a great weakening of the covalent bond for the
proton and it becomes irrelevant to consider the proton
as still bound specifically to either atom. The relevant
picture becomes N°~...H"...0° ", similar to the
strong O®~...H"...0%" hydrogen bonds [31].

If the very small contribution of the v CO and &
(N)H coordinates to the proton transfer trajectory are
neglected, the effective mass for the stretching mode is
1 amu and a potential function consistent with the
observed frequencies is

V(x) =22015 x*+4446.7 exp( — 130.1 x%). (D

The distance between the two minima is ~ 0.4 A,
the potential barrieris ~ 4400 ¢cm ~ ! (13.2kcal.mol 1)
and the 070~ level splitting is ~ 50 cm ™" (this is the
tunnelling frequency, see Fig. 8). This potential func-
tion compares well with that previously proposed for
NMA at room temperature, with a barrier height of
7100 cm ' and a tunnel splitting of 32 cm™!. The
distances between the two minima are similar for the
two systems.

An important consequence of the double-minimum
potential is that ‘fundamental’ and ‘overtone’ transi-
tions have intensities which are of the same order of
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magnitude in the infrared, in agreement with the obser-
vation, even if the electrical anharmonicity is negligi-
ble. This is a strong argument for rejecting the harmonic
approximation where overtones are normally not
active. In Raman, however, the electrical anharmonic-
ity is quite large since the overtones are much more
intense than the fundamentals.

The energy levels calculated with the same potential
(Eq. (1)) for the » (N)D mode are: 8.4 (07), 985
(17),1018 (17),2134 (2*) and 2238 (27 ) cm ™ .
The main consequence of the deuteration is the dra-
matic decrease of the tunnel splitting. Therefore, the
0~ level should be significantly populated, even at 20
K and the corresponding transitions should be
observed. However, the 1% and 1~ levels cannot be
identified safely in the infrared. A skeletal modes occur
at 1016 cm ™! and the 8 (N)D mode is at 949 cm ',
In the overtone region, on the other hand, there are
partially resolved bands at 2418 and 2463 cm ™~ in the
infrared, 2420 and 2454 cm ' in Raman. This is con-
sistent with a tunnel splitting of ~11 cm ™", closed to
the calculated value, but the 27-2" level splitting of
~34 cm ™' is much smaller than the value of ~ 100
cm ™! calculated with Eq. (1). Therefore, a significant
change of the potential function appears to take place
upon deuteration. In addition, it is impossible to adjust
an acceptable double minimum potential analogous to
Eq. (1) with the present assignment. The potential
barrier would be so high and narrow that its physical
relevance is questionable. It is more likely that for the
N deuterated PG I the lack of intensity in the infrared
region ~ 1000 cm ™' means that the 1* and 1~ levels
are elsewhere and may correspond to the transitions at
~2400 cm . Potential functions consistent with this
assignment are:

V(x) =40234 x* + 12695 exp( — 196.1%), or
V(x) =0580 x*+ 17173 exp( —428.6 ). (2)

For both functions, the distance between the two
minima is ~ 0.3 A and the barrier height is greater than
10000 cm ™~ * (30 kcal.mol ™). Even in this case, the
physical meaning of such high and narrow barriers is
questionable.

8. Outstanding problems

The new aspects of the vibrational dynamics in PG
I revealed by INS raise several problems which have

not been addressed in this study. Some of them are
briefly outlined in this section.

The theoretical framework used in this paper for the
localized dynamics is far from satisfactory. Heavy
masses, new dynamical subsystems and vibrational
coordinates are arbitrarily defined. This phenomeno-
logical approach is rather frustrating since contact with
the physical and chemical quantities (i.e. forces and
bonds) is lost. However, force-field calculations on a
more realistic model of the crystal do not avoid the
need to separate the (N) proton dynamics from the
other degrees of freedom. This is a constraining con-
sequence of the great INS intensity of these proton
modes, compared to the backbone vibrations. There-
fore, previous force fields proposed on the basis of
optical spectra do not lead to a satisfactory represen-
tation of the (N)H dynamics. The CH, protons, on the
other hand, rides the backbone vibrations and a full
force-field calculation is necessary to describe their
dynamics.

The existence of dynamical proton transfer along the
hydrogen bond in PG 1 is the central point in this work.
The analysis of the INS spectra and the selection rules
in the infrared and Raman give a convincing evidence
of this. However, the tunnelling transition anticipated
at ~50 cm ™' is not observed. This contrasts to some
other systems where tunnelling transitions in the same
frequency range give intense and narrow INS bands
readily observed with the TFXA spectrometer [32,33].
The lack of intensity for the tunnelling transition in PG
I casts some doubt on the distance between the two
minima of the potential function Eq. (1). However,
two effects may depress the intensity of the tunnelling
transition in PG L. Firstly, the PG I crystal is rather
disordered and the tunnelling band may be very
broaden. Secondly, the intensity of the tunnelling tran-
sition varies rapidly with the kinetic momentum trans-
fer (Q), and the value for which the intensity is a
maximum depends on the distance between the two
minima. For the previous examples [32,33] these dis-
tances are ~0.6 A and the maximum intensity takes
place at Q ~3 A~ ', With the TEXA spectrometer this
is close to the actual value of Q for an energy transfer
~50 cm . In the case of PG I the distance is shorter
and the intensity maximum should occurat Q ~ 5 A
A more detailed measurement of the scattering function
in the relevant Q—w region would be necessary to meas-
ure the tunnelling transition.
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Fig. 9. Schematic representation of the antiparallel-chain rippled-
sheet structure of crystalline polyglycine I. Projection on the (a,b)
plane.

The change of the double minimum potential func-
tion along the stretching coordinate upon deuteration
is spectacular. This is not unusual for strong hydrogen
bonds [17,31] and a similar effect is also suspected for
NMA [16]. Presumably, the effective potential for the
(N)H stretching mode is not the true Born—Oppenhei-
mer potential which should not be affected by the iso-
topic substitution. The localized nature of the proton
vibrations is also difficult to rationalize within the
Born—Oppenheimer approximation. There might be
some connection between these two facts.

The symmetric double minimum observed for PG 1
at low temperature implies that the intra or interchain
coupling between the hydrogen bonds are negligible.
This is also in agreement with the absence of significant
frequency dispersion in the density-of-state. This
remarkable conclusion is somewhat in conflict with the
intuitive picture for the proton transfer mechanism in
infinite chains of hydrogen bonds. In PG I, hydrogen
bonding forms a two dimensional network of delocal-
ized protons among two equivalent sites (Fig. 9). Pre-
sumably, even weak perturbations may localize the
protons on one side or the other to form either amide-
like or imidol-like entities. We suppose that this sort of
mechanism could play an important role in biological
systems including proton transfer, even over long dis-
tances.

Hydrogen bonds between peptide units appear to be
so peculiar that they could be unique, in the sense that
interactions with other molecules (e.g., water) or ions
will be totally different from energy, entropy and
dynamics standpoints. This work emphasizes the spec-

ificity of the hydrogen bond between peptide groups.
This could be an important factor in the build up of
secondary structures and in the molecular recognition
process.

The final picture which emerges from this work is
that the structure of the peptide group is strictly inter-
mediate between the amide-like and the imidol-like
structures, which cannot be distinguished. However,
the location of the double-minimum centre is unknown.
It could be determined with accurate diffraction meas-
urements. The full delocalization of the proton between
the two sites and the small tunnelling related splitting
observed for the amide [ band mean that the geometry
of the -COCH,N- entity is not changed when the pro-
ton goes back and forth between the two minima. Fur-
thermore, the lack of intensity for the phonon wings
reveals that there is virtually no dynamical interaction
between the peptidic protons and the chain backbone.
The situation is slightly different for NMA at low tem-
perature where the double minimum is asymmetric and
the two forms can be distinguished in this case. In
addition, phonon wings give significant INS intensity
for the (N)H modes. At the present stage the main
factors which determine the shape of the potential func-
tion and the (non)degeneracy of the two forms are not
known. The secondary structure and the nature of the
side chains are probably important.

9. Conclusion

The INS spectra of three isotopic derivatives of PG
I demonstrate that the peculiar proton dynamics pre-
viously observed for NMA also apply to this polypep-
tide. The (N)H modes are almost totally isolated from
the other vibrational modes of the molecular skeleton
and also from the N...O hydrogen-bond vibrations.
This reveals a strong ionic character for the hydrogen
bond (N°~...H"*...0°~), A detailed analysis of the
INS spectra with the localized-mode approach shows
that (N)H-stretching frequency is split into two com-
ponents at 1553 and 1377 cm ™ !, and a new assignment
scheme is proposed. In particular, the amide A and B
bands are assigned to the overtones of the stretching
mode. The splitting is interpreted with a symmetric
double-minimum potential, in accord with the sym-
metry related selection rules in the infrared and Raman.
This contrasts with the asymmetric potential previously
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derived for NMA. Therefore, proton transfer, an essen-
tial process in biology, is achieved naturally as a result
of the hydrogen bond. The dynamics is significantly
changed for the N-deuterated analog. This work is a
strong motivation for more detailed studies of the full
scattering function, S(Q,w), of the vibrational modes
of the hydrogen-bonding protons in these systems.

10. Note added in proof

The S(Q,w) contour map of intensity in the 2900—
3000 cm ! energy transfer and 0-30 A~! momentum
transfer range confirms the double minimum potential
for the proton stretching mode in PG I at 20 K [34].
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