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Probing Noncovalent Interactions in Biomolecular Crystals with

Terahertz Spectroscopy

Thomas Kleine-Ostmann,”™ @ Rafal Wilk,"™ Frank Rutz,™ ¢ Martin Koch,® Henning Niemann, Bernd Giittler,"”

Kai Brandhorst,” and Jérg Grunenberg*®

The far-infrared vibrational spectra of molecular crystals are do-
minated by intramolecular (internal) modes, which are also
present in the isolated molecule, and noncovalent intermolec-
ular modes, which arise from the interaction of the nearest
neighbours (external modes). Conceptually this has long been
understood and early experiments'” using Fourier transform in-
frared (FTIR) spectroscopy confirmed the existence of a rich vi-
brational spectrum in polypeptides in the low-energy region.
Yet, the assignment of the experimentally observed peaks in
the low-energy region is often unsatisfying. Recently, the
advent of terahertz time-domain spectroscopy (THz TDS) has
revitalized the field. Using this convenient room-temperature
technique, noncovalent interactions between several small-
and medium-sized molecules have been investigated, includ-
ing nucleobases and nucleosides,”™ short-chain polypep-
tides,” cystine and glutathione,” retinal,”’ and saccharides.”
Chen et al®” and Nagai et al."” could clearly distinguish be-
tween intramolecular and intermolecular modes by comparing
crystalline structures and solvated molecules. Furthermore, it
was shown that different isomers” as well as diverse crystalline
forms"™ show distinctively different terahertz spectra. Most of
these experiments have benefited from a comparison with
quantum-mechanical calculations of the normal modes, which
are nowadays feasible due to advances both in computer tech-
nology and software development.

Herein, we study two types of molecular crystals—one with
weak [dimethyluracil (DMU), see Figure 1] and one with strong
hydrogen bonds [thymine (THY), see Figure 2]. In order to gain
insight into the chemical nature of the THz signals by assign-
ing individual low-frequency modes, we compare our data to a

[a] K. Brandhorst, Dr. J. Grunenberg

Institut fiir Organische Chemie, Technische Universitdt Braunschweig
Hagenring 30, 38106 Braunschweig (Germany)

Fax: (+49)-531-391-5388

E-mail: Joerg.Grunenberg@tu-bs.de

Dr. T. Kleine-Ostmann, Dr. R. Wilk, Dr. F. Rutz, Prof. Dr. M. Koch

Institut fiir Hochfrequenztechnik, Technische Universitdt Braunschweig,
Schleinitzstralse 22

38106 Braunschweig (Germany)

Fax: (+49)-531-391-2045

H. Niemann, Prof. Dr. B. Gittler

Physikalisch-Technische Bundesanstalt, Bundesallee 100, 38116 Braunsch-
weig (Germany)

=

[c

[d] Dr. T. Kleine-Ostmann
Physikalisch-Technische Bundesanstalt, Working Group Electromagnetic
Fields

Bundesallee 100, 38116 Braunschweig (Germany)

Dr. F. Rutz

Fraunhofer Institut fiir Angewandte Festkorperphysik
Tullastr. 72, 79108 Freiburg (Germany)

[e

SN WWILEY

544 %7 InterScience

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

@ (%)

15.90
(=1 (2.49)
17.41 15.81

(2.59) (2549 @741
15.90

E -~ (2.59)
(3 -

(2.49)
¥
@ ([

Figure 1. Arrangement of 1,3-dimethyluracil (DMU) in the unit cell. Hydro-
gen bonds are indicated as dashed lines. Theoretical compliance constants
and the corresponding interatomic distance (in brackets) are given in units
of Amdyne™" and A, respectively.
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Figure 2. Arrangement of thymine (THY) molecules in a unit cell. Hydrogen
bonds are indicated as dashed lines. Theoretical compliance constants and
the corresponding interatomic distance (in brackets) are given in units of
Amdyne™" and A, respectively.

systematic set of DFT calculations performed for molecular
clusters of different sizes.

In principle, there are two possible ways to model the effect
of crystal packing in theoretical vibrational studies. On the one
hand, if the interactions in the system are uniform and long-
range, one has to calculate an infinite three-dimensional crystal
using periodic boundary conditions (PBC).'? Metals and sys-
tems with relatively small band gaps such as conjugated poly-
mers are typical examples where this type of calculation is in-
evitable. Nevertheless, most calculations using periodic boun-
dary conditions are hampered by the fact that—due to time
demands—dipole moment derivatives are determined at lower
levels of theory.® ' On the other hand, cluster calculations
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beginning with an isolated monomer and adding successively
more moieties allow for 1) straightforward discrimination be-
tween intra- and intermolecular (phonon) vibrations and 2) the
accurate calculation of dipole moment derivatives, that means
infrared intensities. Such a cluster approach should be success-
ful in cases where chemical bonds are well localized. It is ac-
tually inevitable if the long-range order of the crystal is de-
stroyed. Herein we follow the cluster approach as we are inter-
ested in the individual interactions of the molecular moieties
with its nearest neighbours on an atomic scale.

Generally, the noncovalent interactions between the moiet-
ies that hold a molecular crystal together can be numerous or
less numerous on one hand, and weak and strong on the
other hand. While, for example, conventional hydrogen bonds
(O—H-+0, N—H:-:O, N—-H-N and O-H-:N) have a binding
strength of ~4-6 kcalmol™" "*'” and a mechanical strength
measured by a compliance constant of ~3-7 Amdyne™'™®
most C—H--O interactions are much weaker with a binding
strength of ~1-2kcalmol™" " and a compliance constant
higher than 15 Amdyne '."® The relative weakness of hydro-
gen bonds in comparison with a typical covalent bond (e.g. a
C—C single bond with 0.2 Amdyne ™" ?”) should make a decom-
position of the vibrational spectrum into internal and external
(lattice) modes a justifiable approximation.

Experimental room temperature THz spectra for thymine are
available in the literature.>?" They have been obtained with
THz time-domain™® and FTIR spectroscopy.?” To obtain experi-
mental THz spectra for dimethyluracil we use the same experi-
mental techniques. We use a standard time-domain THz spec-
trometer with photoconductive dipole antennas to cover the
frequency range between 100 GHz to 2 THz. For higher fre-
quencies we use a standard FTIR spectrometer (Bio-Rad FTS
40 V) in conjunction with a helium cooled bolometer as detec-
tor element. Dimethyluracil came in powder form. Following
the standard procedure the powder was mixed with polyethy-
lene (Merck Uvasol) and pressed into a thin pellet. Our cluster
calculations are based on a density functional theory (DFT)
using the B3LYP hybrid density functional® and a standard
double-zeta basis set augmented with one set of polarization
functions [6-31G(d)]. This combination produces reliable force
fields not only for covalent bonds but also for weaker interac-
tions like hydrogen bonds. All starting cluster geometries were
taken from solid-state X-ray measurements and were subject
to structural optimizations. After the RMS gradient reached
1x107* au, all energy minimizations were stopped. The calcu-
lations of vibrational frequencies were done using analytical
energy second derivatives while intensities were computed
using the dipole moment derivatives. No scaling of the ob-
tained results was done.

For each substance we systematically model the isolated
molecular moieties, followed by the dimer, trimer and higher
clusters. All computations were done using the Gaussian03
program set.” The experimental data are shown in Figures 3
and 4. The upper two plots (a+b) show the experimental
data. On the left we plot the lower THz TDS data with frequen-
cies up to 1.5 THz and 3.5 THz, respectively. The upper THz
data for frequencies between 1.5 THz and 15 THz are shown
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Figure 3. Measured absorption coefficient of dimethyluracil (DMU) in the fre-
quency range of a) 200 GHz to 1.5 THz and b) 1.5 THz to 15 THz in compari-
son to the calculated absorption coefficient in the frequency range of

¢) 200 GHz to 1.5 THz and d) 1.5 THz to 15 THz. The calculated absorption
coefficients are offset for clarity.
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Figure 4. Measured absorption coefficient of thymine (THY) in the frequency
range of a) 500 GHz to 3.5 THz (from"?) and b) 1.5 THz to 15 THZ?" in com-
parison to the calculated absorption coefficient in the frequency range of

¢) 500 GHz to 3.5 THz and d) 1.5 THz to 15 THz. The calculated absorption
coefficients are offset for clarity.
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on the right side. The corresponding theoretical curves are dis-
played in the lower part of the figures (c+d). In order to make
the theoretical line spectra comparable to the experiment, the
calculated line peaks are broadened by Lorentzian lines with a
full-width at half maximum of 100 GHz and 250 GHz for the
lower and higher frequency window, respectively. These values
correspond to those observed experimentally. The experimen-
tally observed linewidths are not limited by the resolution of
the spectrometers. The observation of somewhat broader line-
widths in the higher frequency window may arise from the
fact that the vibrational energy in these resonances can relax
via anharmonic coupling into vibrations at lower frequencies
whereas less relaxation channels exist for the vibrations in the
lower frequency window. A detailed study of this effect is,
however, not within the scope of this paper.

As a prototype for a molecular crystal which contains exclu-
sively weak C—H--O hydrogen bonds (four per moiety) be-
tween nearest neighbors, we choose 1,3-dimethyluracil (see
Figure 1 for a three-dimensional representation). Preliminary
compliance constants calculations for the intermolecular
C—H--O hydrogen bridges for the DMU oligomers indeed point
to a very shallow curvature for the intermolecular potential.
For example the DMU decamer calculations reveal C—H--O
compliance  constants  between 158 Amdyne™'  and
17.4 Amdyne ™" (B3LYP/dz level of theory) for the central DMU
dimeric unit (see Figure 1). Note, that a higher compliance con-
stant corresponds to a weaker interaction. This type of weak
intermolecular hydrogen bonds should in principle give rise to
signals, particularly in the lower THz region, provided that the
transition dipole moment for those normal modes is large
enough. From Figure 3, which shows a comparison between
theory and experiment for DMU, we draw the following con-
clusions:

1) In the upper THz region, the theoretical spectrum calculat-
ed for the monomer is already very similar to the experi-
mental curve. The agreement converges quickly if more
neighbours are considered.

2) The strong peaks in the upper THz region between
12.5 THz and 15 THz (A and B) originate from intramolecu-
lar vibrations, since the spectral positions of the peaks do
not shift noticeably going from the mono- to the decamer.
A normal mode analysis of our DMU decamer cluster
indeed reveals that these signals are due to localized C=0
in-plane bending and internal ring breathing, respectively,
which are only weakly influenced by intermolecular forces.

3) Turning to the lower THz region, the calculation of the iso-
lated monomer does not predict any peaks below 1.5 THz.
The only feasible intramolecular mode for DMU in this
energy region, the methyl rotation, is hindered due to
weak intramolecular Cy,H--O=C hydrogen contacts. This
resonance is therefore shifted into the upper THz region
(C), suggesting that the experimentally observed peak
around 0.8 THz (D) results exclusively from long-range in-
termolecular vibrations. Yet, an assignment of this peak is
hardly possible because—in contrast to the upper THz
region—the pattern resulting from our simulation of the
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lower THz spectrum is still not converged using ten individ-
ual DMU moieties. Nevertheless, based on a normal mode
analysis of our DMU decamer cluster, all theoretical peaks
below 1.5 THz can be described as translational and libra-
tional motions of rigid DMU moieties. Hence, they are
strictly external by nature.

In contrast to DMU, thymine, one of the nucleobases in
DNA, is able to build strong N—H--O hydrogen bonds to its
next neighbors. Due to our compliance constants calculation
the mechanical strength of the N—H.-O hydrogen bonds in
thymine is between 3.2 Amdyne™ and 3.7 Amdyne™, depend-
ing on the position of the hydrogen bond (see Figure 2). As-
sisted by weaker C—H--O hydrogen bonds, which are again in
the range between 14 Amdyne ' and 17 Amdyne™’, thymine
forms a layer structure of planar poly-thymine sheets. From
the comparison of the experimental THz spectrum with the si-
mulated spectra for the mono- up to the 16 mer (Figure 4), we
conclude the following:

1) For both energy ranges, the upper and the lower THz
region, the agreement considerably improves and converg-
es quickly as more and more nearest neighbours are con-
sidered.

2) Due to our normal mode analysis of the cluster simulation,
the strong peaks in the upper THz region (A and B) above
12 THz (C=0 in-plane bending and ring breathing) are, as
in the case of DMU, dominated by intramolecular interac-
tions. In contrast to DMU the perturbation due to the next
neighbours mediated by strong N—H--O hydrogen bonds is
pronounced. When going from the mono- to the 16 mer
these peaks blueshift up to ~40 cm™.

3) The weak resonance around 10 THz (C) is caused by an in-
tramolecular (in-plane) bending of the methyl groups,
while the peak at 6 THz (D) is already dominated by an in-
termolecular motion, namely the rigid body in-plane libra-
tional modes of individual thymine molecules. The energy
of this mode is determined by the relatively strong N—H--O
hydrogen bonds, which have to be broken partially during
this libration.

4) For thymine, our cluster calculation seems to have con-
verged at the decamer cluster, also for the lower THz
region, even if some of the weaker signals in the experi-
mental spectrum, especially the peak at 3.0 THz (E) is miss-
ing.

5) Yet, when switching on the stacking interactions in our sim-
ulation by arranging individual sheets in a pile (inset in
Figure 4), a unique assignment for both the upper and
lower THz region is possible. Both experimental peaks in
the lower THz region namely at ~2.25 THz (F) and notable
the one at 3.0 THz (E) can now be assigned to a rigid body
rotational libration of entire thymine moieties. While the
signal (F) is caused by weak intermolecular C—H:-O hydro-
gen bonds within the thymine sheets, the libration at (E) is
predominantly determined by the weak intermolecular
C—H--O contacts between individual sheets and can there-
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fore be used as an approximate measure of the m-stacking
interaction at work in thymine.

Using the presented combination of experimental THz spec-
tra and theoretical calculations using molecular clusters of dif-
ferent size it is possible to uniquely discriminate between
intra- and intermolecular (phonon) vibrations in biomolecular
crystals. The distinction is particularly possible in the range be-
tween 3 THz and 10 THz, where both, weak intramolecular
(DMU) and strong intermolecular interactions (THY) can over-
lap. This sort of combined study may help to implement THz
spectroscopy as a unique tool for the measurement of non-co-
valent interactions.

Keywords: computational chemistry - molecular crystals
noncovalent interactions - terahertz spectroscopy - vibrational
spectroscopy
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