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Crystalline structures of trimethylamine N-oxide (TMAO) and its isomorphic, perdeuterated analogue (TMAO-dg)
were investigated using Raman spectroscopy, X-ray crystallography, and electronic structure theory. Shifts to
higher vibrational energy were observed in both Raman Under liquid Nitrogen Spectroscopy (RUNS) and high
pressure Raman spectroscopy studies. Agreement between experimental Raman spectra and electronic structure

computations performed on individual TMAO molecules was poor; however, better agreement was obtained
when model unit cells were considered. These results also show that TMAO-dy's spectra are significantly less
perturbed than those for TMAO, suggesting weaker interactions between neighboring TMAO molecules when

deuterated.

1. Introduction

Trimethylamine N-oxide (TMAO) belongs to a family of naturally
occurring ‘counteracting” osmolytes [1] which are known to help
maintain cell volume under osmotic and hydrostatic stress, stabilize the
native structure of proteins, and counteract the destabilizing effect of
denaturants [2-7]. Work performed by Somero et al. in the late 1970s
through early 1980s suggests osmolyte concentrations are a result of
convergent evolution to survive environmental stress while retaining the
functionality of biological macromolecules [1,8]. Even though a number
of previous reports have shown that TMAO stabilizes proteins [9,10],
the precise molecular mechanism has not been firmly established in the
literature [2,6,11-29]. The molecular structure of TMAO suggests two
main types of biologically relevant intermolecular interactions: the ox-
ygen atom can act as a hydrogen bond acceptor and its three methyl
groups can also participate in hydrophobic interactions.

There has been extensive research by our groups and others into the
impact of aqueous TMAO on the local hydrogen bonding networks of
water and other similar solvents [24,29-31]. However, there is very
little literature exploring the chemical properties of interacting TMAO

molecules, aggregation of TMAO, and TMAO in the crystalline phase and
how these interactions may impact its behavior in solution. This lack of
emphasis seems to be largely a result of TMAO’s biological relevance
overshadowing its importance as a benchmark system for strong dipo-
le-dipole interactions. Crystalline TMAO is a desirable system for study
not only for its prospect as a prototypical high dipole moment molecule
but also because of TMAOQO’s inherent biological significance.

Here, we investigate the crystal structures of TMAO and TMAO-dg as
well as elucidate the effects of temperature and pressure on the vibra-
tional structure of both systems using Raman spectroscopy under pres-
sure in a diamond anvil cell, under liquid nitrogen using Raman Under
liquid Nitrogen Spectroscopy (RUNS), and with electronic structure
theory. The substitution of hydrogen by deuterium has served as a
powerful tool to investigate the vibrational and spin dependent prop-
erties of systems since the discovery of deuterium in 1932 [32]. Since
changes in the vibrational structure are easily detectable upon
hydrogen/deuterium (H/D) substitution, Raman spectroscopy is an
ideal tool to probe the structural effects of deuteration on local non-
covalent bonding networks.
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2. Methods
2.1. Materials

Commercial grade anhydrous trimethylamine N-oxide (98% pure)
was purchased from Sigma-Aldrich and perdeuterated do-trimethyl-
amine N-oxide (TMAO-dy, 98% pure) from Cambridge Isotope Labora-
tories. Both chemicals were used without further purification. Nujol®
and ruby spheres for pressure calibration were purchased from Almax-
easyLab.

2.2. Crystal structure

Powder X-ray diffraction experiments were performed using a Bruker
Kappa Apex-II diffractometer. Collection of the X-ray data, unit cell
refinement and initial data reduction were performed using the Olex?
software. SADABS-2012/1 (Bruker, 2012) was used for absorption
correction. The structure was solved by direct methods using the
SHELXS program and refined with SHELXL [33].

2.3. Computational methods

Density functional theory [34,35] (DFT) computations were per-
formed using the Gaussian 09 software package [36]. The B3LYP density
functional [37,38] was employed using a Pople style split valence
double-{ basis set with polarization and diffuse functions, 6-31+G(d,p).
A dense numerical integration grid composed of 99 radial shells and 590
angular points per shell was used for all of DFT calculations. The elec-
tronic energy was converged to at least 10° Ej, and initial geometries
were obtained from crystallographic data. Identical geometry optimi-
zations were performed for both TMAO and TMAO-dg in isolation in
addition to four geometry optimizations with neighboring interactions
for each polymorph.

Calculations to simulate interactions in crystalline TMAO were per-
formed by first taking an array of TMAO unit cells and choosing a central
TMAO molecule. Next, all TMAO molecules except for the central TMAO
and its nearest neighbors were removed. This process left a central
TMAO molecule surrounded by 10 neighboring molecules (see Sup-
porting Information for these crystals). The resulting structure was
optimized through two different approaches. The ‘rigid crystal’ method
(RC), in which all atoms except those contained by the central TMAO
molecule were frozen, and the ‘non-rigid crystal’ (NRC), in which all
non-hydrogen atoms except those contained by the central TMAO
molecule were frozen. The positions of the respective hydrogen or
deuterium atoms for TMAO and TMAO-dg were included in the obtained
crystalline structure and are available in the Supporting Information. A
similar approach has yielded results consistent with second order
Mgller-Plesset perturbation theory in previous work investigating small
vibrational shifts in pyrimidine induced by complexation with water
[39,40] and in the investigation of crystalline pyrimidine [41]. Vibra-
tional frequencies were calculated for both isolated molecules as well as
their crystalline polymorphs. Spectra were simulated by summing Lor-
entzians constructed from the calculated harmonic frequencies and
normalized Raman optical activities [42].

2.4. High pressure Raman spectroscopy

High pressure Raman spectra were obtained through the use of a
diamond anvil cell (DAC). Solid TMAO was packed into a 0.24 mm
diameter hole in a stainless steel gasket along with a single ruby sphere.
Nujol® was used as a pressure transmitting medium to ensure even
compression throughout the sample. The pressure was calculated by
tracking the shifts in the Ruby’s photoluminescence, R1 line [43,44].
Maximum pressures achieved were on the order of 6 GPa. A Nikon
Eclipse TE2000-U inverted microscope paired with a Princeton In-
struments ProEM 1024 CCD camera were used for signal collection. A
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Princeton Instruments Acton SP2500 monochrometer equipped with a
2400 grooves/mm grating was used to achieve spectral resolution of
0.01 cm ™. We estimate the maximum error in reproducibility to be less
than 2 em ™ in this setup. The 514.5 nm line of a Coherent Innova Ar+
ion laser was employed as the Raman excitation source along with two
520 long pass filters to prevent laser transmission through to the CCD
camera.

2.5. Raman under liquid nitrogen spectroscopy (RUNS) [45-48]

Raman spectra were also taken under liquid nitrogen using a Jobin-
Yvon Ramanor HG2-S Raman spectrometer with two 1800 grooves/mm
gratings and a thermoelectrically cooled (-30 °C) photomultiplier tube
as the detector. A scan speed of 2 cm™!/s was employed. The 514.4 nm
line of an Ar/Kr™ ion laser was utilized as the Raman excitation source. A
stainless steel sample holder surrounded by Styrofoam for insulation
held the sample in place while covered in liquid nitrogen.

3. Results and discussion
3.1. Crystal structure

The crystal structure of room temperature TMAO has been previ-
ously reported [49]. It belongs to the space group C2/m and its unit cell
contains six molecules which are located on mirror planes. The crystal
structure of TMAO-dg at 220 K was found to be isomorphic with TMAO.
Upon cooling the samples to 100 K both TMAO and TMAO-dg underwent
a phase change to the P2;/c space group. This change is accompanied by
a reduction in the number of molecules per unit cell from 6 to 4 along
with the loss of proper mirror planes and rotation axis. Crystallographic
results are summarized in Table 1 and the unit cells for the two space
groups are shown in Fig. 1. Each TMAO molecule has 10 neighboring
molecules in the first coordination sphere.

3.2. Calculated frequencies

Computed frequencies were scaled by an empirically determined
scaling factor of 0.95 for TMAO structures and by 0.965 for TMAO-d to
best account for anharmonicity and intermolecular interactions in
condensed phases. Detailed below are comparisons of simulated Raman
spectra computed using different structural models with experimental
spectra acquired under different conditions. Changes in peak ratio are an
artifact of the normalization of each wave. For guidance, the following
are common frequencies for the vibrations of TMAO and TMAO-dg: the
C-N stretching region is found between 750 and 800 cm ™!, the N-O
stretching region between 930 and 980 cm ™! and the symmetric and
asymmetric C-H stretching regions are between 2930 and 3070 cm™};
for TMAO-dg the C-N/N-O stretching region is found between 675 and

Table 1
Comparison of crystallographic data for TMAO and TMAO-dy at different
temperatures.

TMAO[49] TMAO 100 TMAO-dg 220 TMAO-dg 100
295 K K K K
Crystal monoclinic monoclinic monoclinic monoclinic
System
Space C2/m P21/c C2/m P21/c
Group
a/A 10.154 4.9656(2) 10.1326(4) 4.9682(4)
b/A 8.793 8.5577(3) 8.6194(3) 8.5080(6)
c/A 5.006 10.0815(4) 4.9956(2) 10.0699(8)
a/deg 90 90 90 920
p/deg 91.03 91.097(2) 91.215(2) 91.321(6)
v/deg 90 90 90 90
V/A3 446.884 428.33(3) 436.202(3) 425.54(6)
7,7 4,0 4,0 4,0 4,0
R-factor (%) 7.9 7.9 3.47 3.44
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Fig. 1. Unit cells for TMAO in the C2/m (left) and P21/c (bottom) space groups. Hydrogen atoms are omitted for clarity.

950 cm ™!, C-D wagging/twisting region between 1025 and 1225 cm™?,
and the C-D stretching regions between 2060 and 2340 cm ™",

TMAO - C2/m. Fig. 2 compares experimental and simulated Raman
spectra for crystalline TMAO at room temperature. Calculations per-
formed on a single isolated TMAO molecule (SM) results in almost
universally poor agreement with experiment in terms of the prominent
features in the spectrum. This is expected due to the fact that SM cal-
culations are unable to accurately represent intermolecular interactions
in the crystalline phase. The Raman modes in the C-H stretching region
are best recovered by the NRC model, suggesting that short contact in-
teractions in the crystal are perturbing the hydrogen atoms and
decreasing the degeneracy of the symmetric C-H stretching modes of
neighboring TMAO molecules. Both crystal models (RC and NRC) pre-
dict a single peak for the N-O stretch (908 c¢m ™! both) and C-N-C bend
(1242 cm ™! for RC and 1241 cm™! for NRC), in good agreement with
experiment. Relative to the SM model, the N-O stretch is significantly
blue shifted (increased in energy) by ~ 20 cm ! in both of these models
while the C-N-C stretch is relatively unperturbed. This predicts that the
N-O stretch should be observed at the same energy as the C-N-C stretch,
possibly as a result of the strong dipole-dipole interactions (5.02 D)[23]
between the center TMAO molecule and nearest neighbors.

TMAO - P2;/c. Fig. 3 compares the simulated Raman spectra using
the results from calculations of crystalline TMAO in the P2;/c space
group to experimental RUNS spectra. The agreement between the
different methods and the experimental RUNs spectra follows the same
trend as observed at room temperature using the C2/m space group.
There is little predicted difference between the calculated frequencies of
the two models (Fig. 4), with the exception of blue shifts in the C-H
stretching region in the NRC model. The RUNS spectra also exhibit in all
regions and splitting between the N-O rock and C-N-C bend both around

1280 cm ™.

TMAO-dg - C2/m. In contrast to the all-hydrogen TMAO, the
experimental TMAO-dg spectra show surprisingly good overall agree-
ment with the SM model, especially in the lower fingerprint region. This
is shown in Fig. 5. Using the C2/m space group, the C-D stretching region
is only accurately predicted by the NRC model. This model, however,
drastically overestimates the splitting in the N-O rock and C-N-C
bending region. Collectively, these results suggest that intermolecular
interactions aren’t significantly perturbing the bonds between the
heavier atoms but rather are affecting the deuterium atoms.

TMAO-dg - P2;1/c. Fig. 6 compares the simulated Raman spectra
using the results from calculations of crystalline TMAO-dg in the P2;/c
space group to the corresponding experimental RUNS spectra. As with
the room temperature spectra, the RC model and SM models most
accurately predict the lower energy region, while the NRC model most
accurately recovers the splitting in the C-H stretching region. Fig. 7
directly compares the experimental room temperature and RUNS
spectra for TMAO-dg. As in the case of all-hydrogen TMAO, blue shifts
relative to the room temperature spectrum in the C-D stretching region
are evident and are best predicted by the NRC model.

3.3. High pressure Raman

Figures S1-S2 show the high pressure Raman data obtained using a
DAC and peak frequencies are summarized in Fig. 8. The spectra are
summarized in several spectral regions in Figures S1 - S2, which
roughly correlated to the above mentioned spectral regions. This axial
scaling should be considered when qualitatively analyzing blue shifts of
the pressurized spectra relative to atmospheric pressure. The Raman
vibrational spectra were measured as a function of the total pressure in
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Fig. 2. Comparison of experimental (EXP) room temperature Raman spectra of TMAO with simulated spectra using the rigid crystal (RC) and non-rigid crystal (NRC)

models and the C2/m space group, as well as a single isolated molecule (SM).
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Fig. 3. Comparison of experimental RUNS spectra of TMAO to simulated spectra computed using the P2;/c space group with the RC, NRC, and SM models.
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Fig. 4. Comparison of room temperature and RUNS spectra (left) and RC and NRC computational models using the C2/m and P2;/c space groups (right) for all-

hydrogen TMAO.
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Fig. 5. Comparison of experimental room temperature Raman spectra of TMAO-dg to calculated spectra using the C2/m space group and the RC, NRC, and
SM models.
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Fig. 6. Comparison of experimental RUNS spectra of TMAO-dy to calculated spectra using the P21/c space group using the RC, NRC, and SM models.
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Fig. 7. Comparison of room temperature and RUNS spectra (left) and RC and NRC computational models using the C2/m and P2,/c space groups (right) for

TMAO-ds.

GPa using a ruby F1 peak as a pressure reference.

As shown in Fig. 8a, continued compression of the all-hydrogen
TMAO resulted in continuous blue shifts in all spectral regions. None
of the observed modes demonstrated red shifts. The emergence of a
shoulder peak can be seen in the 945 cm™ N-O stretch, where theory
predicts the C-N stretch overlaps with the N-O stretch. While all of the
modes in TMAO showed a similar degree of blue shifting, surprisingly,
several of the modes in the TMAO-dg (Fig. 8b) showed very little de-
viations with increased pressure. In fact, the C-D wagging mode at 1124
cm™! exhibits no shifting within the resolution of the instrument. This
result suggests that the interactions between neighboring TMAO-dg
molecules are not as significantly perturbed as the all hydrogen TMAO
upon compression. At 5 GPa, the C-H stretching region shifts of around
30 cm™! were observed for TMAO which correspond to a roughly 1
percent increase in the energy of the mode; the C-D stretching region
exhibited blue shifting less than 20 cm ™! which is less than a 1 percent
change in the mode’s energy. The N-O stretch shows a similar degree of
change between the two molecules while the C-N stretch is significantly
more perturbed upon compression in TMAO-do, blue shifting 35 cm™!
(around 5%) compared to 24 cm ! (around 3%) in TMAO.

4. Conclusions

We have reported for the first time the crystal structures of perdeu-
terated TMAO at 220 K and 100 K and for TMAO at 100 K. Comparisons
of TMAO and TMAO-dg Raman spectra revealed that even though the
crystal structures are isomorphic, there are significant differences be-
tween the characteristic vibrational frequencies between the two sys-
tems and how these vibrational energies transform with increased
pressure and decreased temperatures. TMAO-dg is significantly less
perturbed than TMAO, which suggests weaker interactions between
neighboring TMAO molecules. Even though the space group of the
crystals changes at low temperatures, the effect on the vibrational
structure is very limited. This is especially true for TMAO-dg, which
exhibits only slight blue shifting of vibrational energies with increased
pressure.
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