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The Far Infrared Properties of Polyamino Acids

W. J. Shotts and A. J. Sievers

Laboratory of Atomic and Solid State Physics
Cornell University

Ithaca, New York 14850

ABSTRACT

-1
The far infrared absorption between 3 and 650 cm of

several amino acids and polyamino acids is measured under a

variety of conditions.  The far infrared spectra of amino acids

and short chain oligomers are extremely temperature dependent

with the appearance of numerous narrow absorption lines at 4.2'K.

These absorption lines broaden or disappear at 300'K or for ab-

sorption measurements on samples in solution.  For longer poly-

mers relatively broad nearly temperature independent absorption

lines are observed with little difference between the spectra

of polymers in solution or in the solid state.  These results

are explained in terms of the crystalline order of the samples.
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I.  INTRODUCTION

There have been a series of calculations of the normal modes

of polymers in the.a-helical or beta conformations and the re-

sults of these calculations have been compared with measured

1-5
frequencies of oscillation. These observations have extended

from the near infrared into the far infrared frequency region.

We  ta ve undertaken an investigation  of the absorption charac-

. teristics of a variety of polyamino acids throughout the far

67
infrared. ' This spectral region is of particular interest

since the low frequency normal modes of vibration of a polymer

are sensitive indicators of the polymer conformation. In fact

the relative absence of absorption of nonpolar organic solvents

in the far infrared suggests that the low frequency modes of

polymers could be used to monitor conformational transitions

occurring in solution.

Most of the longer polyamino acids we studied were found

to be in the a-helical conformation. Simplified model calcu-

lations of the low frequency vibrational modes have been published

for the a-helix which predict conformationally sensitive infrared

89
active modes. ' The lowest frequency modes of oscillation can

be described by replacing the amino acid residue by a single

dynamical unit.  This unit is bonded to its nearest and third

nearest neighbors and solving the equivalent one dimensional

-2-
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problem results in the relation for the longitudinal acoustic

(LA) branch
3.

r 2 . 2/0)    2  . 2(3.60)72w = 2Lwl  sin (2) + w3 sin \ 2
where·w2 expresses the resistance of the hydrogen bond to com-

pression and m2 expresses the resistance of the rest of the

helical backbone to compression.  This dispersion curve has an

unusual dip that results from the hydrogen bond not being com-

pressed for a phase difference 9 = 100' between nearest neigh-

bors.

Removing the restriction of motion in one direction results

in an optic branch and an additional acoustic branch.  Taken

together the three dispersion curves comprise a model of the

low frequency branches of more complete normal mode calculations

which treat the atoms of the amino acid separately.  The spatial

arrangement of the atoms composing the amino acid residue repeat

unit is taken from x-ray studies of the a-helix and the force

constants for the various bonds are obtained from the fre-

quencies  of  oscillation of small molecules. The calculations

treat the a-helix as a perfectly formed rigid rod isolated from

interactions with neighboring molecules.  The higher frequency

modes that result have frequencies of oscillation that are

nearly independent of the phase between nearest neighbor amino

acid residues since these modes involve oscillations localized
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in individual residues. In contrast, the low frequency modes

involve cooperative skeletal motion and the frequencies of

these modes are extremely phase dependent.  The low frequency

modes calculated by Fanconi and Peticolas for the a-helix of

poly-L-alanine (PLA) are shown in Figure 1 where the (20) dis-

persion curve is the LA branch.

The.first infrared active points of the dispersion curves

occur at 9 = 0' for infinite length polymers or at Q = n/n

(accordian-like motion of the helix for the LA branch) for finite

chains containing n residues.  These modes have A type symmetry

and.are infrared active for electric field vector polarizations

pafallel to the a-helix.  The other infrared active points for

a helix with 3.6 amino acid residues per turn of the helix occur

at 9 = 100° and are E  modes which are infrared active for
1

electric field polarizations perpendicular to the a-helix.

Raman active points occur at Q = 00, 9 = 100' and 9 = 160°

2
(corresponding to A, El and E2 modes respectively ).



1

II. EXPERIMENTAL

A.  Spectroscopic Instrumentation

We have measured the far infrared transmission of poly-

peptides using Fourier transform spectroscopy in an investigation

of the low frequency infrared active modes.  In an interferometer

the infrared beam is divided and recombined as the distance

traveled by half of the divided beam is varied.  Fourier trans-

forming the resulting interference pattern gives the spectral

information so that the entire frequency region of interest is

observed for about half the time of a run. In contrast only a

single resolution width can be observed at any given time in a

monochromator.  Hence a multiplex or Fellgett advantage is ob-

10
tained with an interferometer. For equal times of observation

of the same spectral region the signal to noise is improved by

the square root of half the number of resolution widths in the

recorded spectrum.

The apparatus employed in these measurements has been

described elsewhere so only a brief outline of its performance

11-13                     -1
will be given here. In the 30 to 650 cm region a

Michelson interferometer was used with a Ge:Ga bolometer

4detector operating at pumped He  temperatures (1.5'K).  At

lower frequencies the mylar beam splitter of the Michelson is

-1
inefficient. Hence in the 3 to 50 cm region a lamellar inter-

ferometer was used in which the beam is divided by a set of

5-
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interleaved metal plates so, that the distance traveled by half

the wavefront (reflected from one set of plates) is different

from that traveled by the other half (reflected by the other

set).  Greater detector sensitivity was required in the 3 to

-1                                             3
50 cm region so a Ge:Ga bolometer cooled to pumped He  tem-

peratures (0.4'K) was employed with the lamellar interferometer.

B.  Samples

Transmission spectra were obtained under differing con-

ditions of temperature or polymer composition with samples in

the solid state or in solution.  The polypeptide samples were

typically received in powdered from.  The origin of these

samples is given in Table I.  Here DP stands for degree of

polymerization as determined from the average molecular weight.

,      For the solid state measurements the polypeptide powders

were mixed with paraffin powder that had been pulvarized earlier

at liquid nitrogen temperature with a mortar and pestle.  After

being dried in a vacuum for one minute, the mixtures were

compressed at a pressure of 200 psi to form pellets.  A typical

pellet has 200 mg of paraffin and 15 mg of polymer.  For a

unit density polymer distributed uniformly across the t" diameter

far  infrared beam, this amount of polymer corresponds  to a thick-

ness of 0.012 cm.  Paraffin is a suitable matrix for these

-1
samples since it is transparent for frequencies below 650 cm

-1
with the exception of a narrow absorption at 80 cm  .  This
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absorption is compensated for by using the spectrum of an equal

amount of pure paraffin as a divisor.  To achieve very thick

samples without using too much polymer, the far infrared beam

diameter was condensed by a light cone from t" to 3/32".    The

radiation then traversed a section of 3/32" diameter light pipe

containing the sample and the beam diameter was subsequently

expanded to &" by another light cone.

Infrared absorption measurements on polymers dissolved in

solution are contingent on the solubilities of the various

14
samples. Organic solvents such as carbon tetrachloride,

benzene or chloroform are ideal for far infrared studies since

15-17th-6-y-are reasonably transparent. Far infrared studies

using these solvents can be performed readily with concentrations

of polymer in the 1 to 5% range.  At higher concentrations

(.50%) observation of sample absorption is even possible in

water when Fourier transform techniques are employed.  However

-1
these observations were confined to the w < 100 cm region

because of the increased absorption of water at higher fre-

18,19
quencies. Figure 2 shows some of our measurements of the

low frequency far infrared absorption of solvents at 300'K.

C.  Solution Cells

Several cells were employed in the studies of polypeptides

in solution depending upon the solvent and the frequency region

under investigation.  Since water absorbs strongly in the far
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infrared, a cell was needed containing a solution path length

less than 0.01 cm.  The cell used is shown in Figure 3(b).  A

1, 2 or 4 mil spacer which is squeezed between two crystal

quartz windows seals in the solution and also determines the

thickness of the solution.  To prevent leakage of infrared

radiation around the water  in the center  of  the  cell,   1/32"

thick black rubber washers were placed between the quartz

windows and the brass cell frame.  Radiation passing through the

teflon spacer around the solution is then intercepted and ab-

sorbed by the black rubber. Caution is required to avoid

trapping air bubbles in the solution section during assembly

o f- the  cell.

Since chloroform is more transparent than H20 in the far

infrared, a 1/32" or 1/16" thick teflon spacer can be used in

the cell shown in Figure 3(b).  Two small holes at the top of

these spacers permit the cell to be filled or emptied with a

hypodermic syringe.  After the cell is filled, these holes are

plugged with stainless steel wires to prevent evaporation of

the solution. Carbon tetrachloride and benzene are even more

transparent than chloroform in the far infrared so solution

samples up to 1 cm in length were used in studies involving

these solvents. The cell used for these solutions is shown in

Figure 3(c).  To allow measurements at higher frequencies than

with the cell described previously, & mil teflon windows were

used.
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Electric fields can be applied to polymer solutions to

align the molecules and investigate the dichroism of various

20
modes. Figure 3(d) shows a cross section of the electric

field insert for the cell shown in Figure 3(c).  The ends of

the teflon cylinder contain slots with a 1 mm spacing made with

a slotting saw on a milling machine.  Stainless steel plates

are then supported at the end of the teflon cylinder by these

slots and are alternately connected by wires.  The high voltage

leads are taken out of the cell through separate pyrex fill

tubes.



III. RESULTS AND DISCUSSION

A.  y-benzyl-L-glutamate, Glycine, Alanine, Leucine and Proline

Measurements of absorption spectra of amino acid monomers

extending into the far infrared have been reported for several

amino acids at liquid nitrogen temperatures, however measurements

at 4.20K are relatively rare. Since 100'K = 70 cm  , thermal
21-23                     -1

energies at liquid nitrogen temperature are the same order of

magnitude as the far infrared energies under consideration and

further cooling would be expected to improve the definition of

the spectra.

The results of our measurements on BLG (side chain -

CH2CH2COOCH2(6H5)' glycine (-H), alanine (-CH3)' leucine

(-CH2CH(CH3)2) and proline (-CH2CH2CH2-) are shown in Figures

4 and 5. Sidestepping the interpretation of the individual

lines in the complex absorption spectra, we undertake instead

a description of the general features of these data.  Cooling

the samples results in the appearance of a series of narrow

absorption lines which are considerably broadened at higher

temperatures. In the 4.2'K BLG spectrum there are on the order

-1
of 60 absorption lines for w < 300 cm  .  The sheer number of

far infrared absorption lines is at first surprising even for

the complex BLG monomer since for n atoms Jn -3=8 4 i s the

-1maximum number of normal modes expected in the 0 to 3000 cm

- 10 -
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region for an isolated monomer.

The abundant narrow monomer absorptions lines can be

24.25attributed td crystalline lattice modes. ' The low frequency

far infrared absorption lines are not present when an amino

acid is dissolved in water.  The bottom two panels in Figure 5

show the results of far infrared absorption studies of proline

dissolved in H2O.  For the 300'K measurements pure H20 was used

as a divisor spectrum, while for the 4.2'K measurements a blank

sample position was used as the divisor.  Consequently the H2O

absorption which increases with frequency is observed in the

low temperature spectrum.  Roughly the same amount of proline

was present in solution (at a·concentration of 50%) as was in

the solid proline sample.  None of the absorption lines of

the solid proline sample can be identified in the spectra of

proline in solution, although a broad absorption band is ob-

served at 300 K in the solution spectrum.  The disorder of the

300'K solution spectrum is frozen in on cooling to 4.2°K and no

modes associated with a well defined lattice are observed.

B.  Alanine Oligomers and Poly-L-alanine

We have investigated the far infrared absorption of a

series of alanine oligomers (n = 2 to 6)and of poly-L-alanine

(DP = 30 and 680).  During these studies we searched for the

low frequency longitudinal acoustic modes of the polymer. In-

frared absorption and Raman scattering measurements have been
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performed previously on a-helical homopolymers of alanine and

compared to model calculations of the expected excitation fre-

1,2,26-28
quencies. Because of the difficulty of measuring ab-

sorption spectra  at far infrared frequencies, the infrared measure-

-1
ments have not extended below 60 cm . Infrared absorption

measurements on the alanine oligomers have been performed for

-1 29
frequencies greater than 200 cm and Raman scattering meas-

24.30
urements have also been performed on these oligomers.

1.     Comparison of Alanine Oligomer  and· PLA Absorption
Spectra

The results of our measurements at 4.2'K on the alanine

-1
oligomers and PLA for frequencies between 4 and 90 cm are

-1
shown in Figure 6. In the 4 to 50 cm region three times as

much polymer was used to enhance the absorption.  It is observed

that the shorter oligomers have numerous low frequency far in-

frared absorption lines with comparatively small half-widths.

The lowest frequency absorption line observed in the tetramer,

pentamer and hexamer broadens and shifts to lower frequencies

in the progression toward longer oligomer chains. Indeed, aside

-1from the low frequency band at 30 cm  , no other absorption

-1
lines are observed in the region below 90 cm for the hexamer.

Figure 7 shows the transmission at 300'K of the alanine

-1
oligomers and PLA from 30 to 90 cm It is noted that the

comparatively sharp absorption lines of the shorter oligomers

are more affected by the temperature change than are the ab-
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sorption lines of the longer oligomers.  Similar results are

observed-at higher frequencies.  Figure 8 shows the spectra of

the alanine samples at 4.2'K for frequencies up to 320 cm-1 and

Figure 9 shows comparable spectra at 300'K.  The room temperature

spectra of the oligomers and polymers all exhibit similar line-

widths.  For the polymer and hexamer spectra relatively slight

improvement in definition is achieved on cooling to 4.2'K while

the change in the spectra of the shorter oligomers at 4.2°K is

striking.

The narrow linewidths and the temperature dependence of

the shorter oligomer 4.2°K far infrared spectra result since the

longer oligomers are expected to be more difficult to crystal-

31
lize than the shorter oligomers. In fact, of the oligomers

shown only di-L-alanine has had its crystal structure determined

32
by x-ray diffraction techniques. Figure 10 shows a schematic

diagram of our powder x-ray diffraction measurements for the

alanine oligomers and PLA.  The triangles shown indicate the

height and width of the x-ray diffraction peaks observed.  A

Cu source was used for these measurements with X = 1.54 A.  There

are more peaks observed and the peak widths are narrower for

the shorter oligomers suggesting that these oligomers have a

better defined crystal structure or a larger effective crystal-

lite size. In contrast disorder is frozen into the

polymer and longer oligomers in the solid state so cooling them
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does not result in much narrowing of the far infrared absorption

lines.

The broad x-ray peaks observed in the diffraction measure-

33
ments on PLA are identified with the a- and B-conformations.

0

The peak at 29 = 11.60 (d = 7.7A) results from the a-helix while
0

the peak at 29 = 16.6° (d = 5.33A) derives from the presence of

some B-conformation in the sample.  Only the hexamer has a peak

that  coincides with the position of either  of the peaks  of  the  poly-

mer.  The position of the lowest angle diffraction peak of the

hexamer suggests that it is in the B-conformation.  Penta and

tetra-L-alanine have diffraction peaks which nearly coincide

with those of hexa-L-alanine, again suggesting some similarity

in their conformations.

Knowledge of the conformation adopted by oligomers is im-

portant in determining the critical length for 8-conformation

or helix formation. Besides spectroscopic studies a number of

investigators have used ORD or CD techniques to assess the con-

formation of oligomers in solution. In the case of oligomers

of BLG it has been estimated that 7 residues or roughly two

34,35turns of the helix are necessary for helix formation.

Of course the number of residues required for the onset of

helicity is dependent upon the solvent used.  In the case of

L-alanine oligomers, helix formation is inhibited by strong

acids such as trifluoroacetic and dichloroacetic acid. Tri-
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fluoroethanol,,on the other hand, favors helix formation and

the onset of helicity for L-alanine residues evidently occurs

36.37
at six residues in this solution.

The infrared and Raman spectroscopic studies of the L-alanine

oligomers have indicated that in the solid state these compounds

29.30
do not assume the a-helical form for n=2 t o 6. '

In par-

ticular, the Raman studies suggest that the n=3 t o 6 oligomers

assume the B-conformation. In the far infrared a variety of

26,38
absorption lines exist which are conformationally sensitive.

In the PLA transmission spectrum shown in Figure 11 the 250 and

-1
440 cm absorption lines are indicative of the B-conformation,

while the 90 cm-1 absorption edge and the 120 and 370 cm-1 ab-

sorption lines are indicative of the a-helical conformation.

In Figure 11 the bands at 250 cm-1 and 440 cm-1, attributed to

the B form of the polymer, are present in the hexamer spectrum.

In addition, there are low frequency absorption lines at 90 and

120 cm-1 which correspond to bands of the a-helix.  The B-conformation

-1
also has a broad absorption line at 120 cm  , however, and the

370 cm-1  a-conformation line is not observed in agreement with

earlier spectroscopic results that the hexamer adopts the B-

conformation in the solid state.

Furthermore our results are consistent with the interpreta-

tion that the n = 3 to 5 alanine oligomers also are in the 8-

conformation.  As shown in Figure 11, the far infrared spectra
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for the trimer through the pentamer contain absorption lines

at the 250 cm-1 and 440 cm-1 frequencies attributed to the B-

conformation of the polymer.  However the large number of lines

observed at 4.2°K resulting from a semblance of crystalline

order complicates the conformational assignment. For example,

in the tri-L-alanine far infrared transmission spectrum the

-1
series of absorption lines at 4.2°K near 250 cm merge into

a broad absorption band at 300°K. Since for room temperature

measurements the effects of crystalline order (such as splitting

of absorption lines) are not as apparent as at 4.2'K, the 300'K

spectra are in a sense better suited to conformational assign-

meuts  r-elated to polymers   that  are not highly crystalline.

2.  Low Frequency Far Infrared Absorption of PLA

Now we return to the problem of measuring the low frequency

absorption of the a-helical modes which are predicted to be

12
infrared active. '   For PLA a-helices containing n amino acid

residues, the frequency of the 9 = n/n infrared active LA

accordian-like mode is inversely proportional to n and is pre-

dicted to be in the 15 to 30·cm-1 range for n = 30 and less

-1
than 1 cm for n = 680. On the other hand the 9 = 100' in-

frared active mode is nearly independent of n and is expected

-1
to be in the 25 to 45 cm reg ion.

Measurements on thick samples of PLA (DP = 30) at 4.2'K

have not revealed any absorption peaks that could be identified
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6
with the predicted LA modes. Transmission spectra with a

similar absence of low frequency features were obtained for the

30 DP sample at 300°K (see Figure 7) and for the 680 DP sample

(see Figure 12).  Again thicker samples were used in the low

frequency region in an attempt to enhance the absorption.  Our

failure to observe the predicted LA modes is consistent with

-1
Raman data below 80 cm obtained using an iodine filter to

39reduce the Rayleigh background. These measurements also

failed to establish the existence of the low frequency modes.

More recently, Raman data obtained using a narrow band inter-

ference filter have indicated the presence of a low frequency

-1
mode around 50 cm in PLA although Rayleigh scattering compli-

24
cates the measurement of these low frequency Raman spectra.

There are several possible explanations for the lack of

low frequency structure in the far infrared absorption measure-

ments.  The frequency of the 9 = n/n LA mode is dependent on

the polymer length and might be broadened by a distribution of

polymer lengths or by random uncoiling of the ends of the PLA

a-helix. However the absence of the 9 = 100' LA mode is more

difficult to explain.  This mode is expected to be infrared

active independent of polymer length. Samples up to 2 mm thick

(assuming unit-density) have produced no absorption lines, and

it would seem fortuitous indeed for this mode to be associated            1

with an extremely weak dipole moment.
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The absence of the low frequency LA mode in infrared spectra

of PLA is related to the breadth of the far infrared modes that

are observed at higher frequencies in PLA and the other polymers.

These polymets lack the high degree of crystalline order that

is important for low frequency modes to be observable.  The absence

of a well defined crystal structure necessitates consideration of

random interactions between individual polymer chains which were

neglected in previous model calculations for PLA.  Some work has

been done on the consequences of arranging polymers in solids

40-42
or of including defects in the polymers. Adding chemical,

conformational or steric defects to a polymer relaxes the k=0

selection rule thereby making the entire density of states in-

frared active. These studies have been concerned primarily with

simple model polymers, such as polyethylene, although some of

the results are applicable to the biopolymers investigated here.

The force constant representing the intermolecular interaction

between neighboring atoms of different polymer chains   is  w  0.2
0

mdyne/A which is of the same order of magnitude as some of the

weaker force constants used in the single chain model calculations

for PLA.  A random interaction of this size, resulting from lack

of a well defined crystal structure, is roughly equivalent to

disorder in the intramolecular force constants of the isolated

a-helix model.

Another characterization of the interchain interaction

43
strength involves specific heat measurements on PLA. In these

measurements on the PLA a-helix, one dimensional and three
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dimensional Debye temperatures were extracted from the tem-

perature dependence of the data.  The resultant three dimensional

-1
Debye frequency is found to be 35 cm  .  Coupling to random

interchain interactions corresponding to this frequency is ex-

pected to shift and broaden the predicted low frequency far

infrared modes.  For example, consider a distribution of force

constants 0<K<K' which couple to a mode of force constant

K  such that the resultant frequency shift Aw is given by

Aw  oc   (Ko  +  K)-2  -  Ko-2.

The low frequency modes with Ko x K' are affected more than

higher frequency modes by this random frequency shift and the

associated broadening of the mode.

Finally, it is perhaps surprising that the far infrared

linewidths associated with the a-helix are not narrower for

the 680 DP PLA for which no 8-conformation absorption bands

are present than for the 30 DP PLA. It might be expected that

the a-helix in the longer polymer would be better ordered and

without end effects of the shorter polymer.  However, the far

infrared linewidths and the absorption strengths of these lines

are similar for comparable sample weights of the short or long

polymer. Furthermore attempted orientation by us of the PLA

did not affect the far infrared spectra appreciably nor was

the far infrared absorption of samples oriented by Itoh and

Shimanouchi appreciably different from our results.
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The lack of distinction of these spectra from one another

probably results from the formation of interrupted helices in

the longer PLA sample.  Theoretical calculations of the con-

formation of PLA in H20 have shown that chains consisting of

54 residues find it energetically favorable to form hairpin

44
bends and the resulting helical segments are 24 residues long.

Of course this calculation depends on the hydrophobic interaction

of alanine and H 0. Other experimental studies using ORD,
-                                                             2

viscosity and sedimentation techniques have shown PLA to exist

45
as interrupted helices in DCA. A recent x-ray scattering

measurement has found PLA to exist in DCA in a compact and

46rigid" structure related  to the a-helical conformation. The

persistance length of the rigid sections of polymer was found
0

to be 44 A which is a measure of the flexibility of the chain.

This persistance length corresponds to an a-helical segment

29 residues long which is conveniently the length of our shorter

chain PLA sample.

Although these studies were conducted in solution, similar

46results are expected in the solid state. As an extension of

our comments on the disorder of the PLA samples and the subsequent

broadening of the far infrared absorption spectra, measurements

on spherulites of PLA might prove interesting. Spherulites

are planar mats formed by the a-helix folding back upon itself

stabilized by the Van der Waals interaction between adjacent



- 21 -

47
strands of a-helix. The 4.2'K far infrared absorption spectrum

of these spherulites might include lattice modes or improved

definition of the PLA a-helix absorption lines resulting from

the regular structure of the spherulites.

C.  Poly-y-benzyl-L-glutamate

Infrared absorption and Raman scattering measurements have

been reported in the literature for poly-y-benzyl-L-glutamate

(PBLG). Recently the absorption measurements were24,48,49

-1  50
extended into the far infrared (w 1 40 cm ). High molecular

weight PBLG assumes the a-helical conformation in the solid

state·-and-·the presence of helical structure in our samples is

confirmed by their far infrared absorption spectra.

In the spectrum of PBLG no absorption lines are observed

-1
for frequencies less than 90 cm  in the region where the longi-

tudinal acoustic infrared active modes were predicted for PLA.

Since these low frequency modes are sensitive to the polymer

conformation, we searched (to no avail) for these modes in PBLG

under different conditions of temperature, polymer length, and

polymer composition.  Spectra of PBLG dissolved in chloroform

or benzene were also measured to assess the differences between

spectra in solution and in the solid state. The higher fre-

quency far infrared modes which are observed and are also con-

formationally sensitive were used to monitor the state of the
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polymer as the various parameters were changed.  The breadth

of the observed features obscures the normal mode content of

the spectrum.

The results of a series of measurements on PBLG are shown

in Figures 13 and 14. In the top two panels of Figure 13 the

300'K solution spectra of PBLG are shown (pure solutions are

used for the divisor spectra) . Aside from the noise in these

spectra, the absorption features are nearly identical for a 5%

concentration of PBLG in chloroform or for a 1% concentration

of PBLG in benzene. The observed absorption lines are associated

with the a-helix which is the conformation assumed by PBLG in

51
chloroform or benzene. Attempted dichroic measurements on

the 1% PBLG in benzene sample proved unsuccessful with voltages

of up to 20 kV/cm (either AC RMS at 40 Hz or DC) applied to

the electric field cell. In the near infrared such field

strengths have been used to observe the dichroism of comparable

20
length PBLG at 1% concentrations in chloroform. However, for

the relatively indistinct far infrared absorption bands the

dichroism was imperceptible.

The absorption recorded for PBLG in solution is remarkably

similar to the absorption in the solid state shown in the bottom

two panels of Figure 13.  Analogous results have been obtained

in the case of poly-L-proline where near infrared and Raman

measurements reveal only minor differences between spectra of
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14,52,53the polymer in the solid state or dissolved in
H2O.

The

spectra shown here are 4.2°K and 300°K measurements on the same

sample. The sample was a PBLG film cast from chloroform. During

the process of evaporation of the chloroform when concentrations

of 10 to 15% polymer are reached, the PBLG goes through a liquid

crystalline transition in which the a-helical polymer chains

lie parallel to one another forming planar structures.  No ori-

entation of these planes was attempted and the evaporation was

not controlled as it might be to maximize the liquid crystalline

order.  Only a slight improvement in the resolution of features

in the PBLG absorption spectrum was observed on cooling the

sample--to--4.2°K.

The spectra shown in Figure 13 all derived from the same

preparation of PBLG with DP = 160. Far infrared absorption

spectra of PBLG of varied length and composition are shown in

Figure 14.  Measurements on polymers with DP = 1500 and DP = 740

are shown in the top two panels of that Figure.  The principal

difference betwe en these spectra  and the solid state PBLG spectra

shown earlier for the 160 DP sample is that less sample was

used in these spectra so that the absorption is not as strongly

emphasized. Otherwise the features of the absorption spectra

are almost identical independent of polymer length.

The final PBLG transmission spectra are shown in the bottom

half of Figure 14.  The composition of the PBLG was varied by
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incorporating 3% glycine into the polymer to form a random

copolymer.  The infrared (w > 200 cm-1) and Raman (w > 15 cm-1)

54-56
spectra of other copolymers have been reported elsewhere.

These measurements indicated that glycine destabilizes the a-

helix causing the copolymer to adopt the beta or random coil

conformations at high glycine concentrations.  Consequently we

would expect some broadening of the pure PBLG absorption lines

to occur in the case of P(BLG + 3% gly) and a slight broadening

and lessening of the intensity of the absorption bands is ob-

served in Figure 14.  Perhaps the most distinctive change that

occurs is the virtual disappearance of the absorption line at

225 cm-1 in the 4.2'K spectrum of PBLG.  There is no significant

improvement in the definition of the absorption bands on cooling

the copolymer from 300'K to 4.2°K.

The similarity of the various absorption spectra of PBLG

reported here suggests that the conformation of the polymers

is similar in solution or the solid state independent of chain

length.  Hence crystalline order cannot be important in de-

termining the far infrared absorption. This result is consis-

tent with the assignment of far infrared absorption lines to

internal motions of the a-helix. Removal of the kT fluctuations

by cooling the solid PBLG samples to 4.2'K yields only slightly

improved definition of the absorption features.  Evidently the

P(BLG + 3% gly) copolymer is already sufficiently disordered so
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that removal of thermally induced disorder has no noticeable

effect on the broad absorption features observed.

D.  Poly-L-proline, Poly-L-leucine and Poly-DL-leucine

In the case of the polymers considered thus far no low

frequency absorption has been observed that could be identified

with  the pre dicted infrared active longitudinal acoustic modes.

In the case of poly-L-proline, poly-L-leucine and poly-DL-leucine,

-1a broad ·low frequency absorption line is observed at 65 cm          '

which might tentatively be identified as arising from the LA

branch. Polarization.studies are necessary to establish the

symmetry of this absorption line and to assist in the assign-

ment of the mode.

Figure 15 shows the transmission spectrum of poly-L-proline.

The poly-L-proline is in form I (right handed helix) as verified

by comparison of the far infrared absorption with other pub-

-1        57
lished data in the w > 75 cm region. Far infrared and Raman

measurements have been performed on the proline oligomers as

24,57,58well as on the polymer in forms I and II and normal mode

calculations have been completed on poly-L-proline I for com-

4
parison with the observed modes. The calculations predict an

A mode at 75 cm-1 and an El mode (LA) at 43 cm-1.  However,

since the skeletal force constants are adjusted to fit the

higher frequency modes that were observed previously, the 65 cm 1

absorption could result from either of these predicted modes.
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Comparable calculations by Itoh and Shimanouchi for PLA place

-1                         -1 1
the A mode at 80 cm and the E  mode at 44 cm

1

The right handed helix of poly-L-proline I is somewhat

unusual since it is not stabilized by hydrogen bonds.  One

amino group hydrogen is replaced by bonding of the amino nitro-

gen to the end of the side chain of the amino acid. The five

member ring that results from this bond formation is an im-

portant part of the backbone structure. In spite of this dif-

ference from the standard a-helix stabilized by hydrogen bonds,

the resulting right handed helix of poly-L-proline I is only

slightly different with a translation and rotation per residue

of 1.90 A and 108° respectively instead of the standard a-

°        . 51helical 1.50 A and 100-.

Figure 15 also shows the far infrared transmission spectra

of poly-L-leucine and poly-DL-leucine.  Higher frequency far

infrared measurements have been performed previously on poly-

24,38,49
L-leucine as have Raman scattering measurements. The

similarity of the low frequency far infrared absorption of

these polymers and poly-L-proline I is at first surprising

since the poly-L-proline does not contain hydrogen bonds.  How-

ever, at the infrared active points on the dispersion curves

shown in Figure 1 (9 = 0° and 9 = 100°) the hydrogen bond

strength does not affect the frequency, as indicated by the

different curves shown in the Figure for several hydrogen bond
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strengths.  Furthermore because of the difference in the side

chains of proline and leucine and the manner in which the pro-

line side chain is incorporated into the backbone of the poly-

-1
mer, we do not expect the observed 65 cm bands to be related

to isolated side chain torsions.  Finally the modes are not

related to the crystal structure because of the similarity of

the solid state and solution spectra of poly-DL-leucine shown

in Figure 15.

In  Figure  15 the spectral features   shcw n for poly-DL-leucine

have a greater half-width than those shown for poly-L-leucine.

Since L-amino acids preferentially form a right handed helix

while the left handed helix is more stable for the D-amino

acids, the incorporation of stereoisomers in the same polymer

in a ratio of 1:1, as is the case for the poly-DL-leucine

studied here, is expected to perturb the a-helix.

Copolymers of D- and L-amino acids have been observed to

contain destabilized helices in solution studies using optical

51
rotary dispersion techniques. However, near infrared studies

indicated the presence of appreciable helical content in stereo-

59
isomer copolymers of y-methyl-glutamate and y-benzylglutamate.

This result is supported by recent neutron scattering measure-

ments on poly-DL-alanine at energies characteristic of the far

infrared spectral region. In these measurements a decrease in

the scattering amplitude was observed but the features in the
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poly-L-alanine and poly-DL-alanine scattering spectra were

60
similar. In the case of stereoisomer copolymers of leucine,

near infrared absorption studies have also indicated the presence

61
of considerable helical content. The effect of proceeding

from the pure L to the 1:1 stereoisomer composition has been

explained in terms of progression from regular a-helix to per-

34.59
turbed a-helix with disordered parts.

' A decrease in the

absorption strengths of the a-helical bands and an increase in

the far infrared linewidths might be expected from the disorder

induced by the incorporation of both stereoisomers in the same

helix.

Recalling the similarity of far infrared spectra of PLA of

different chain lengths the difference in definition of the

poly-L-leucine and poly-DL-leucine spectra is attributed to the

helix destabilizing effect of the stereoisomers in the poly-DL-

leucine and not to differences in the polymer lengths.  Also

-1
for infrared absorption studies around 600 cm  , the definition

of spectra of poly-y-benzyl-DL-glutamate is only slightly

affected by increasing the copolymer length from 41 to 151

residues.

E.  Poly(hydroxybutylglutamine)

The top three panels of Figure 12 show the far infrared

transmission spectra of poly(hydroxybutylglutamine) (PHBG)
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and P(HBG + 3% gly).  Raman measurements on these samples have

indicated the existence of an abundance of modes in the 30 to

-1        54
120 cm region. Some of these modes are expected to have

infrared active counterparts, however our far infrared spectra

show no absorption lines which can be identified with the Raman

modes.  While Raman spectra are unaffected by the large dipole

moment of H2O' part of the absorption observed in the far in-

frared spectra may result from H20 adsorbed on the water soluble
62

PHBG samples. However, comparable weights of PLA, PBLG, poly-

L-leucine and poly-L-proline, which are not water soluble, pro-

duced absorption strengths similar to that observed for PHBG

in Figure 12.

There are several possible ways that adsorbed water in the

polymeric samples might affect the far infrared absorption

spectra.  One possible effect merely would be the superposition

of the H20 and polymer absorptions.  However sufficient PHBG

was used in our measurements to expect to observe the polymer

absorption bands easily even if they were masked in this fashion.

A second possibility is that the inclusion of water somehow

disorders the polymer.  This conclusion would contradict the

observation of Raman spectra attributed to the a-helical con-

formation. ORD and CD studies confirm that the PHBG samples

54.63
adopt the a-helical conformation in H2O.

'

A third possible

explanation is that the dipole moments of the polymer are coupled
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to bound water molecules. Such coupling of the dipole moments

would be expected to broaden the infrared active transitions.

Coupling of €he quadrupole moments of the polymer and an adsorbed

solvent is expected to be a higher order effect and hence the

Raman spectra should be less influenced by adsorbed molecules.

Although the last explanation involving adsorbed solvent

molecules appears the most attractive of the three, even this

interpretation poses serious difficulties.  The PHBG samples

were first lyophilized and then stored in a desiccator.  The

PHBG sample was taken from the desiccator and placed directly

in the far infrared beam just before the data taking began.  On

the othdt hand, the lyophilized P(HBG + 3% gly) sample was taken

from the desiccator, weighed, mixed with paraffin, dried in a

vacuum for one minute and then pressed into a pellet.  The

paraffin subsequently should have protected the sample from

H20 adsorption.  Hence, although the PHBG samples are water

soluble, there does not appear to have been sufficient exposure

to air to result in significant adsorption of H20 molecules.

One inconsistency between the infrared and Raman data in-

volves the local mode. This mode is observed in the Raman

measurements as a weak 61 cm-1 band with a half-width of 1.2 cm-1

and would be better characterized as a gap or resonant mode

since it exists between a series of skeletal modes of the poly-

mer observed in the Raman measurements.  No comparable narrow

LA
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absorption is observed in the far infrared spectra.  This dis-
-1

crepancy might be explained if the symmetry of the 61 cm mode

causes it to be infrared inactive. However the width of this

band is surprising.  The U-center (H-) local mode is one of the

narrowest impurity mode absorptions occurring in alkali halides

-1
and it has a half-width of r = 50 cm  .at 300'K.  Allowing for

the fact that the frequency w  of the U-center local mode is

-1
roughly 500 cm and assuming a constant Q for local modes,

Q = w /r = 10 still results in an estimated half-width of0

6 cm-1 for a 61 cm-1 mode at 300°K.  Indeed the narrowest low

frequency far infrared absorptions we have observed at 3OOUK

-1
in polyamino acids are 5 to 10 cm wide (see Figure 9).  This

width is also characteristic of other bands observed in Raman

24.54scattering measurements in the low frequency region at 300'K.

Our measurements on PHBG have failed to reveal the expected

far infrared absorption bands. In addition to the possible

complication of water adsorbed on the polymers, earlier com-

ments about the lack of crystalline order and the attendant

effect of broadening the linewidths are applicable to these

lyophilized polymers.  The broadening of far infrared modes

results from polymer disorder which would also be expected to

affect the linewidths of the Raman data.
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F.  Myoglobin, Caesin and Egg Albumin

The bottom three panels of Figure 16 show the far infrared

transmission spectra of myoglobin, caesin and egg albumin.

Only a broad, rather featureless absorption is apparent for

these proteins even after expansion of the transmission scale

-1
to emphasize any absorption features in the 200 cm region.

These results are consistent with other measurements on several

-1        50
proteins including Mb in the 40 to 400 cm region. The broad

absorption in that region was attributed to lack of long range

periodicity within the proteins resulting from (1) the short

extension of any one conformation, (2) the differences in amino

adid side chains along the protein backbone and (3) nonperiodic

intramolecular interactions.  Tightly bound water was suggested

as another possible cause contributing to the broad absorption.

Twenty to 40% of the weight of a protein can be associated with

bound water, so that care was taken to dry the samples for our

far infrared studies (see remarks on PHBG).

A recent article has reported the observation of a series

64
of weak far infrared absorption lines in myoglobin. Changes

in the far infrared absorption spectra were induced by denaturing

the myoglobin.  We have not observed comparable lines in the

absorption spectrum of thicker samples of whale myoglobin than

those reported.



IV. SUMMARY AND CONCLUSIONS

In conclusion, we have investigated the far infrared

properties of a variety of polyamino acids.  Cooperative skele-

tal motions in the far infrared region previously have proven

to be useful in providing information about the conformation of

polymers.  However because of the difficulty of measuring

spectra in the low frequency region of the far infrared, few

-1
· measurements have been attempted at frequencies less than 80 cm

although conformationally sensitive modes have been predicted
65

by normal coordinate analysis to lie in this region.

The most distinctive far infrared spectra have been ob-

served for short chains of amino acids. The amino acids them-

selves exhibit far infrared spectra with striking temperature

dependence.  The observation of numerous absorption lines with

comparatively small half-widths at 4.2°K is attributed to the

presence  o f crystal structure  in the monomer hamples. Short  ,

chain oligomers of the amino acids possess similar far infrared

absorption spectra with a profusion of modes.  However in the

progression toward longer oligomers, the crystal structure is

less precisely defined because of the difficulty of forming

crystals from these long molecules.  Hence by the hexamer in

the series of alanine oligomers studied, only a few far in-

frared absorption lines are observed with little temperature

- 33 -
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dependence.  The absorption lines of hexa-L-alanine are at-

tributed to the presence of B-conformation in the sample and

the absorption lines of the trimer through the pentamer are

consistent with the interpretation that these samples are also

in the B-conformation.

The far infrared absorption of several polymers were in-

vestigated as different conditions were varied. In order of

increasing effect on the far infrared linewidth of PBLG the

parameters varied include the polymer length, the solid state

or solution environment of the polymer, the temperature of the

sample and the amino acid impurity content of the polymer.  Per-

haps the most noticeable change in the far infrared spectra in-

volved comparison of far infrared data for poly-L-leucine and

poly-DL-leucine.  The lack of appreciable change in the far in-

frared spectra is indicative of the absence of high crystalline

content in the polymers.  In a sense this imprecise crystal

structure is a mixed blessing.  Although narrow far infrared

lattice related modes which could be useful in conformation

determinations are not observed, the modes that are observed

are related tb internal motions of the helix as indicated by

solution studies on PBLG or poly-DL-leucine.  The far infrared

absorptions observed were the same in solution or in the solid

state and are uncomplicated by the presence of lattice related

modes.
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No low frequency far infrared absorption lines have been

observed for PLA or PBLG although infrared active modes had

-1
been predicted in the 50 cm region.  In polymers of leucine

and proline a broad absorption line observed at 65 cm-1 is

attributed to skeletal vibrations of the helical polymers.

Definite assignment of the symmetry of the mode must await

polarization studies, although this mode might tentatively be

identified with the LA branch.  In the case of poly-L-leucine

-1
this 65 cm absorption is quite broad.  An explanation of our

inability to observe this mode in PLA or PBLG involves the dis-

order of these samples.  The low frequency modes are affected

by random interchain interactions that have been neglected in

the normal mode calculations. These interactions broaden and

shift the low frequency modes and invalidate the isolated helix

model used in the normal mode calculations.

For several proteins and water soluble polymers only broad

featureless absorption throughout the far infrared was observed.

Superimposed H20 and polypeptide absorptions pose a possible

difficulty in interpreting these spectra.  The featureless

absorption of the proteins derives from the non-periodic (com-

pared to homopolymers) protein structure which contains only

short regions of a-helical conformation composed of amino acids

with. differing side chains.
50

Recently FrBhlich has proposed that measurement of the
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electric vibrational modes of macromolecules in the frequency

11       12    -1
region between 10 and 10 sec can yield important informa-

66
tion on their conformation. Our far infrared studies do

not support this hypothesis.
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Table I. Sources and Identification of Polypeptides

Polypeptide Source Lot No. DP

PBLG                            *             RA 195 160

PBLG                             *              RA 215 740

PBLG                             *              RA 201 1500

P(BLG + 3% gly)                  *              RA 132 700

PHBG                            *                              76

P(HBG + 3% gly)                  *              RA 178 F III 100

PIA Miles AL 52            30

PIA Mann** U-1242 680

alanine oligomers Miles ALAL10, 3AL9, 2 to 6

4AL6, 5AL5

and 6AL6

poly-L-leucine Miles LE 37 Indeterminable

poly-DL-leucine Miles LE 35            35

poly-L-proline Miles PR 15 120

whale myoglobin Miles             10               1x crystalline

egg albumin Miles             18               5x crystalline

amino acid Miles

monomers

*Provided by H. A. Scheraga.

**Provided by R. E. Hughes.
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FIGURE CAPTIONS

Fig. 1 Low frequency dispersion curves (after Fanconi and

Peticolas) showing the effect of variation of the

hydrogen bond strength on the various branches.

Fig. 2:  Absorption spectra of H2O' benzene and chloroform at

300°K.

Fig. 3:  (a)  Brass cell frame used in solution cells.

(b) and (c)  Cross sections of assembled cells.

(d) Cross section of electric field insert for cell

(C).

Fig. 4:  Transmission spectrum of y-benzyl-L-glutamate at 4.2°K.

Fig. 5:  Transmission spectra of glycine, alanine, leucine and

proline in the solid state at 4.2'K and of proline in

H2O at 300'K and 4.20K.

Fig. 6:  Transmission spectra (4 to 90 cm-l) of PLA and the L-

alanine oligomers (n = 2 to 6) at 4.2°K.

-1
Fig. 7: Transmission spectra (30 to 90 cm  ) of PLA and the L-

alanine oligomers (n = 2 to 6) at 300°K.

Fig. 8:  Transmission spectra (40 to 320 cm 1) of PLA and the

L-alanine oligomers (n = 2 to 6) at 4.2°K.

Fig. 9:  Transmission spectra (40 to 320 cm-1) of PLA and the

L-alanine oligomers (n = 2 to 6) at 300'K.
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Fig. 10:  Powder x-ray diffraction data for PLA and L-alanine

oligomers (n = 2 to 6).

-1
Fig. 11: Transmission spectra (80 to 640 cm  ) of PLA and the

L-alanine oligomers (n = 2 to 6) at 4.2°K.

Fig. 12: Transmission spectra of PHBG at 300°K and of

P(HBG + 3% gly) and PLA (DP = 680) at 300'K and

4.2°K.

Fig. 13: Transmission spectra of chloroform + 5% PBLG and

benzene + 1% PBLG at 300'K and of solid PBLG at

300°K and 4.2°K.

Fig. 14: Transmission spectra of 1500 DP and 740 DP PBLG at

300'K and of P(BLG + 3% gly) at 300'K and 4.2'K.

Fig. 15:  Transmission spectra of poly-L-proline, poly-L-

leucine and of poly-DL-leucine at 4.2°K and of carbon

tetrachloride + 1% poly-DL-leucine at 300'K.

Fig. 16:  Transmission spectra of potato starch, whale myoglobin,

caesin and egg albumin at 4.2°K.
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