
 Open access  Journal Article  DOI:10.1039/C7CP04958G

Temperature dependence of the hydrogen bond network in trimethylamine N-oxide and
guanidine hydrochloride–water solutions — Source link 

Felix Lehmkühler, Yury Forov, Mirko Elbers, Ingo Steinke ...+7 more authors

Institutions: University of Hamburg, Technical University of Dortmund

Published on: 25 Oct 2017 - Physical Chemistry Chemical Physics (The Royal Society of Chemistry)

Topics: Hydrogen bond, Trimethylamine, Aqueous solution, Solvent and Molecule

Related papers:

 
Temperature dependence of the hydrogen bond network in Trimethylamine N-oxide and guanidine hydrochloride -
water solutions

 Spectra study hydrogen bonds dynamics of water molecules at NaOH solutions

 Structural characterization of NaOH aqueous solution in the glass and liquid states

 Effects of temperature and pressure on hydrogen bonds in water and in formamide

 High pressure study of associated media: Raman scattering of pyridine complexes in aqueous solution

Share this paper:    

View more about this paper here: https://typeset.io/papers/temperature-dependence-of-the-hydrogen-bond-network-in-
29ozamslkm

https://typeset.io/
https://www.doi.org/10.1039/C7CP04958G
https://typeset.io/papers/temperature-dependence-of-the-hydrogen-bond-network-in-29ozamslkm
https://typeset.io/authors/felix-lehmkuhler-21r3k6wtnc
https://typeset.io/authors/yury-forov-3tq9chuddu
https://typeset.io/authors/mirko-elbers-3ozwvmgsjh
https://typeset.io/authors/ingo-steinke-4okv93g2z2
https://typeset.io/institutions/university-of-hamburg-i4ewvhai
https://typeset.io/institutions/technical-university-of-dortmund-1ihjdmfu
https://typeset.io/journals/physical-chemistry-chemical-physics-332480j0
https://typeset.io/topics/hydrogen-bond-22skq23i
https://typeset.io/topics/trimethylamine-gki5jus3
https://typeset.io/topics/aqueous-solution-1yivc8bh
https://typeset.io/topics/solvent-2y6o4p2g
https://typeset.io/topics/molecule-3346ee5n
https://typeset.io/papers/temperature-dependence-of-the-hydrogen-bond-network-in-5e8nnndvpe
https://typeset.io/papers/spectra-study-hydrogen-bonds-dynamics-of-water-molecules-at-3h7c64sa4h
https://typeset.io/papers/structural-characterization-of-naoh-aqueous-solution-in-the-1qvwtu0ru8
https://typeset.io/papers/effects-of-temperature-and-pressure-on-hydrogen-bonds-in-48gscywujd
https://typeset.io/papers/high-pressure-study-of-associated-media-raman-scattering-of-437fmy8uts
https://www.facebook.com/sharer/sharer.php?u=https://typeset.io/papers/temperature-dependence-of-the-hydrogen-bond-network-in-29ozamslkm
https://twitter.com/intent/tweet?text=Temperature%20dependence%20of%20the%20hydrogen%20bond%20network%20in%20trimethylamine%20N-oxide%20and%20guanidine%20hydrochloride%E2%80%93water%20solutions&url=https://typeset.io/papers/temperature-dependence-of-the-hydrogen-bond-network-in-29ozamslkm
https://www.linkedin.com/sharing/share-offsite/?url=https://typeset.io/papers/temperature-dependence-of-the-hydrogen-bond-network-in-29ozamslkm
mailto:?subject=I%20wanted%20you%20to%20see%20this%20site&body=Check%20out%20this%20site%20https://typeset.io/papers/temperature-dependence-of-the-hydrogen-bond-network-in-29ozamslkm
https://typeset.io/papers/temperature-dependence-of-the-hydrogen-bond-network-in-29ozamslkm


Temperature dependence of the hydrogen bond network in Trimethylamine

N-oxide and guanidine hydrochloride – water solutions

Felix Lehmkühler,∗a,b Yury Forov,c Mirko Elbers,c Ingo Steinke,a,b Christoph J. Sahle,d Christopher Weis,c Naruki Tsuji,e

Masayoshi Itou,e Yoshiharu Sakurai,e Agnieszka Poulain,d and Christian Sternemannc

We present an X-ray Compton scattering study on aqueous Trimethylamine N-oxide (TMAO) and guanidine hydrochloride solutions

(GdnHCl) as a function of temperature. Independent from the concentration of the solvent, Compton profiles almost resemble results

for liquid water as a function of temperature. However, The number of hydrogen bonds per water molecule extracted from the Compton

profiles suggests a decrease of hydrogen bonds with rising temperatures for all studied samples, the differences between water and

the solutions are weak. Nevertheless, the data indicate a reduced bond weakening with rising TMAO concentration up to 5M of 7.2%

compared to 8% for pure water. In contrast, the addition of GdnHCl appears to behave differently for concentrations up to 3.1 M with

a weaker impact on the temperature response of the hydrogen bond structure.

1 Introduction

The complexity of the hydrogen bond network of liquid water

is presumed to be responsible for water’s properties, especially

the occurrence of the various water anomalies1–4. Although its

structure has frequently been addressed in many experiments for

decades, many questions are still unsolved. In particular, an

impact from so-called chaotrop and cosmotropic solutes on the

structure of liquid water is widely accepted, but direct experi-

mental proof is still scarce. While chaotrop substances disturb

the hydrogen bond network upon solution, cosmotropic materi-

als act as structure former, i.e., they are believed to strengthen the

network. A frequently studied example for a chaotropic material

is guanidine hydrocloride (CH6ClN3, GdnHCl), while trimethy-

lamine N-oxide (C3H9NO, TMAO) represents a cosmotropic spec-

imen. Both are known to denaturate (GdnHCl)5 or stabilize

(TMAO)6 proteins in water, respectively. These processes are be-

lieved to be mediated indirectly via the impact of the solutes on

the water structure. However, recent work questioned these as-

sumptions7, suggesting a weakening of water hydrogen bonds in

presence of both species8,9. Especially the influence of TMAO

on the water network is the objetct of various experimental and

simulation work. Therein, contradictory results are found. Mid-
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infrared pump-probe spectroscopy reported on increasing den-

sities of network defects in the hydrogen-bond network of wa-

ter10. In contrast, dielectric and Raman spectroscopy combined

with electronic structure computations suggests that the oxygen

atom in TMAO accepts on average at least three hydrogen bonds

from neighboring water molecules11. A further study reported

that stable TMAO-H2O complexes are assumed to form incorpo-

rating two to three water molecules per TMAO molecule12. Fur-

thermore, the influence of TMAO was studied by X-ray Raman

scattering, suggesting a more structured hydrogen-bond network

in the presence of TMAO13. Consequently, the question of how

and if on average the addition of TMAO modifies the number of

hydrogen bonds per water molecule in water-TMAO solutions re-

mains unsolved.

In liquid water, the average number of hydrogen bonds per

molecule decreases with increasing temperature14–16. Although

the impact of TMAO and GdnHCl on the structure of water is in

the focus of various studies, little is known about how the cos-

motropic TMAO and the chaotropic GdnHCl stabilize or disturb

the hydrogen bond geometry at different temperatures. In par-

ticular, a potential counteraction of hydrogen bond strengthening

or weakening with temperature and addition of TMAO as well as

GdnHCl are unknown so far. This can be accessed by means of

X-ray Compton scattering as demonstrated by earlier studies on

water14,17 and aqueous solutions18.

In this study, we use Compton scattering to evaluate the impact

of TMAO and GdnHCl on the hydrogen bond network of water

as a function of temperature. Aqueous suspensions are studied

at molar ratios between 0 M and 5 M over a temperature range

between 273 K and 333 K. For all studied systems, a decreasing
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average number of hydrogen bonds per molecule is observed with

rising temperature. However, no significant variations of Comp-

ton profile differences between the solutions and liquid water can

be found, suggesting that aqueous solutions of cosmotropes and

chaotropes show a similar structural response upon increasing

temperature.

2 Experimental

2.1 Compton scattering

In recent years, non-resonant inelastic X-ray scattering has

become a standard technique to investigate liquid sam-

ples13,16,19–24. In the limit of large energy and momentum trans-

fer, Compton scattering dominates and the impulse approxima-

tion becomes valid25,26. For liquid samples, the measured quan-

tity in such Compton scattering experiments is proportional to the

so-called Compton profile for isotropic systems

J(pq) =
1

2

∫
dΩ

∫
∞

|pq|
ρ(p)pdp. (1)

Here pq denotes a scalar electron momentum variable. Comp-

ton profiles are normalized to the number of electrons per

molecule25. Obviously, the Compton profile is related to the

ground state electron momentum density ρ(p). Changes of

ground state can be quantified by the integral over the normal-

ized Compton profile

n =

∞∫

0

|∆J(pq)|dpq. (2)

The value of n is interpreted as a measure of the number of elec-

trons whose wave function changes and provides in particular

quantitative information for changes of the sample’s bond geom-

etry. Comparing computed Compton differences based on struc-

tural snapshots with experimental data the inverse value of n was

found to be linearly related to the number of hydrogen bonds per

water molecule in liquid and supercritical water17. This quantity

bas been used so far to discuss Compton profiles of ionic liquids27

and hydrogen bonds in ice20.

In recent publications, the Compton profile was demonstrated

to be very sensitive to single particle properties and small changes

in the intra- and intermolecular bond geometry in molecular sys-

tems28. A large number of studies concentrated on water-based

systems such as liquid, confined, supercooled and supercritical

water14,17,24,29–32, structure and energetics of ice19,20,33,34 and

two-component systems18,21,35–37 and demonstrated the power

of Compton scattering to uniquely probe local structures and en-

ergetics in hydrogen-bonded systems. In particular, by matching

experimental data with theory the particular sensitivity of Comp-

ton scattering to quantum effects on the hydrogen and covalent

bonds was demonstrated17,24,30,37.

2.2 Experimental Setups

The experiments have been performed at beamline ID15B of the

European Synchrotron Radiation Facility (ESRF)38 and beamline

BL08W at SPring-839. The energy of the incident X-ray beam was

87.17 keV (ESRF) and 182.7 keV (SPring-8). The beam size was

set to 0.5× 0.5 mm defined by slits. The scattered intensity was

measured by multi-element Ge solid-state detectors in backscat-

tering geometry. We used 13 elements at a scattering angle of

150◦ at ESRF and 10 elements at an angle of 170◦ at SPring-8.

Momentum resolutions of ∆pq ≈ 0.65 atomic units (a.u.) at ESRF

and ∆pq ≈ 0.57 a.u. at Spring-8 were achieved at the Compton

peak (pq = 0 a.u.). Similar to previous experiments, the incident

flux at the ESRF was kept constant using an absorber feedback

system to achieve constant detector conditions. At Spring-8, the

incoming intensity is constant due to the top-up operation of the

storage ring. The obtained statistical accuracy was better than

0.025 % units at pq = 0 a.u. within 0.03 a.u. momentum bin in

both setups.

The samples were filled into glass capillaries of 2 mm thick-

ness that were sealed afterwards. First, ultra-pure water (milli-Q,

R > 18 MΩ) was measured as reference. In order to investigate

the solutes’ influence on the water structure and neglect solute-

solute interactions, we decided to use moderately concentrated

solutions. For TMAO, we chose concentrations of 0.8 M, 3 M, and

5 M, for guanidine hydrochloride two concentrations were pre-

pared with 1.1 M and 3.1 M, respectively. The capillaries were

placed into a sample holder that was capable to cover a tempera-

ture range between 270 K and 330 K with high statistical accuracy

of better than ∆T = 20 mK within several hours of experimental

time. The samples were measured at different temperatures be-

tween 273 K and 333 K, typically in steps of 10 to 20 K.

For consistency, Compton spectra were saved every 10 minutes

and checked for deviations larger than the statistical accuracy. In

total, spectra were measured for four to eight hours per temper-

ature. The raw spectra data were corrected for absorption and

the dead times of the detector before converting to momentum

scale by using the relativistic cross section correction25. Contri-

butions from multiple scattering were corrected afterwards using

a recent Monte Carlo code40. In order to neglect any background

contribution, typically profile differences are studied rather than

pure Compton profiles. However, two different sample systems

typically cannot be compared directly because of density differ-

ences or small set-up deviations, e.g. different sample thicknesses,

in our case small deviations for two capillaries, lead to signifi-

cant differences of the Compton profile that cannot be corrected

for. Hence, we have to limit ourselves to temperature-induced

changes within the sample systems. We calculated the profile dif-

ferences with respect to the data at 273 K for each detector ele-

ment separately before averaging over all elements. Finally, the

positive and negative momentum sides of the Compton profile

differences were averaged.

3 Results and Discussion

First, we focus on changes of the Compton profile of liquid water

as a function of temperature. Compton profiles measured at four

temperatures between 273 K and 333 K are shown in Fig. 1 (a).

As discussed above, variations of the profiles are weak. This is

highlighted by calculating the profile differences with respect to

2
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Fig. 1 (a) Compton profiles of water at different temperatures as

indicated. (b) Compton profile differences with respect to 273 K. The

line is a scaled difference based on DFT calculations. Data are shifted

vertically for clarity.

273 K, i.e.

∆J(pq) =
JT (pq)− J273(pq)

J273(0)
(3)

shown in Fig. 1 (b). All differences show a pronounced maxi-

mum around pq = 0 a.u. accompanied by a minimum at pq ≈ 1.1

a.u. whose amplitudes increase with increasing temperature. We

find a maximum difference of about ∆J(pq = 0) = 1 h for ∆T = 60

K. Such a shape has been reported frequently as a typical result

for temperature-induced changes of the hydrogen bond network

in liquid water and hexagonal ice14,29,34. In this way it pro-

vides a fingerprint of the weakening of hydrogen bonds with ris-

ing temperature. The experimental data is compared to calcula-

tions in the framework of density functional theory (DFT), using

structural snapshots of pure liquid water extracted from ab-initio

molecular dynamics (MD) simulations30. The DFT data shown as

lines in Fig. 1 are scaled linearly with respect to the correspond-

ing temperature difference. As expected, we do not observe any

significant variations between experiment, DFT data and thus to

earlier experimental differences14,30, proving stable experimen-

tal conditions.

To determine the effect of TMAO on the hydrogen bond net-

work of water, we measured Compton profiles of water-TMAO

solutions as a function of temperature between 273 K and 333 K.

Compton profile differences with respect to the Compton profile

measured at 273 K are shown in Fig. 2. In general, the amplitude

and shape of the differences resemble fully the results for pure

water. This is highlighted by the solid lines that correspond to

smoothed differences of water from Fig. 1 (b). If the correspond-

ing temperature difference has not been measured for water, the

difference has been scaled linearly with ∆T . Remarkably, the ef-

fect of TMAO concentration is weak.

The result for GdnHCl solutions are shown in Fig. 3. Com-

pared to the TMAO results, a smaller temperature range could

be covered due to experimental limitations. Small deviations can

be observed for the largest temperature difference only for 1.1 M

GdnHCl, i.e. a slightly stronger peak around pq = 0 a.u. and ac-

cordingly less contribution at the second local maximum at pq ≈ 2

a.u. However, this cannot be observed for other temperatures and

0
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Fig. 2 Compton profile differences of water-TMAO solutions at different

TMAO concentrations: (a) 0.8 M TMAO, (b) 3 M TMAO, and (c) 5 M

TMAO. The solid lines are smoothed and scaled water differences from

Fig. 1 (b). Data are shifted vertically for clarity, the ∆J scale is the same

for all subpanels.

concentrations, the water difference mainly lies within the error

bars of the experimental data. Most importantly, shape and am-

plitude match the results for liquid water, especially the position

of the minimum around pq = 1.1 a.u.

The differences suggest that both the addition of TMAO or

GdnHCl as prototypical kosmotrope and chaotrop do not signifi-

cantly change the response of temperature of the hydrogen bond

network compared to pure water. Taking the conventional un-

derstanding of hydrogen bonded water into account, an increas-

ing (decreasing) strength of the hydrogen bond, e.g. reflected

in a shortening of the hydrogen bond length, is accompanied

by a stretched (compressed) average intramolecular covalent OH

bond length. Thus, the addition of solvents may result in modi-

fications of the Compton profile beyond the observed water-like

differences, such as OH bond length or bond angle variations29.

These mostly intramolecular changes manifest typically in contri-

butions at larger pq as reported as the dominating effect of deuter-

ation30, in water-ethanol mixtures21, during freezing of clathrate

hydrates37, and in confined and supercooled water24,31. How-

ever, such modifications are absent at first view.

For a more direct and qualitative comparison of the samples,

we calculate the integral n from Eq. 2 for each difference. Since

we do not observe any indication for significant intramolecular

changes, n can provide a measure of the number of hydrogen

bonds per water molecule. Here, we focus on changes with re-

spect to T = 273 K. The results are shown in Fig. 4 (a). The

line represents the linear change for the water profiles calcu-

lated within DFT. Remarkably, the experimental data of TMAO

and GdnHCl also increases linearly with T and thus show only

small deviations from the DFT results for liquid water. Further-

more, they match the experimental integrals of liquid water well.

Sit et al.17 found a linear relation between n and the num-

ber of hydrogen bonds nHB per molecule for water. Applying

this relation to our results, we find first for the maximum n

3
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Fig. 3 Compton profile differences of water-GdnHCl solutions at

different GdnHCl concentrations: (a) 1.1 M GdnHCl and (b) 3.1 M

GdnHCl. The solid lines are smoothed and scaled water differences

from Fig. 1 (b). Data are shifted vertically for clarity.

of nmax = (3.1± 0.4)× 10
−3 a reduction of hydrogen bonds per

molecule of about 8% for the temperature difference of ∆T = 60

K in water. Second, the statistical accuracy of the experiments

results to an error for n of about 1%, i.e., for liquid water at am-

bient conditions changes can be determined with a high accuracy

of δnHB ≈ 0.04. However, since we have only access to relative

changes in Compton scattering experiments, we determined the

slope for all studied samples by modelling a linear change of n

with slope α. The results are shown in Fig. 4 (b). Therein, the ex-

perimental results for liquid water are used as data at 0 M solvent

concentration. The DFT data results to a similar value marked

by the black point. In general, the slopes of n of the TMAO and

GdnHCl solutions resemble the results for water within the error

bars. The obtained values around α ≈ 5 · 10
−5/K suggests a re-

duction of nHB of less than 0.15% per 1 K heating for all samples.

In addition, we can observe trends in the behaviour of TMAO and

GdnHCl solutions. A higher concentration of TMAO reduces the

slope of n(T ) slightly. Thus, the addition of TMAO is suggested to

counteract the thermally induced disorder of the hydrogen bond

network. However, the effects are very weak, the slope drops

from α(0M) = 5.1 ·10
−5/K for water to α(5M) = 4.6 ·10

−5/K, with

overlapping error bars. This corresponds to a reduction of hy-

drogen bonds per molecule of (7.2 ± 1.6)% for 5M TMAO and

therefore slightly below the values obtained for pure water of (8

± 1)%. In contrast, it can be inferred that increasing the GdnHCl

concentration hardly affects the slope.

4 Conclusions

We presented a Compton scattering study on the hydrogen bond

geometry in aqueous TMAO and GdnHCl solutions hydrogen

bond geometry as a function of temperature. Compton profile

differences of both sample systems with respect to 273 K show

the typical shape reported in various studies on aqueous systems

which are understood as a fingerprint hydrogen bond weakening

at elevated temperatures. Apart from the shape, the amplitude of

273 293 313 333
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Fig. 4 (a) Integrals n for all measured sample systems compared to

DFT results for liquid water 30. (b) Slope α representing the temperature

dependence for each sample.

the Compton profile differences matches experimental and DFT

results for liquid water, independent from the concentration of

the solvent. Analysing the number of hydrogen bonds per water

molecule, we found similar results for all samples with slight in-

dications of bond strengthening due to the presence of TMAO up

to 5 M in water, counteracting the effect of increased temperature

on the microscopic structure. In contrast, the addition of GdnHCl

up to 3.1 M appears to have no significant impact on the temper-

ature response of the hydrogen bond structure. However, the ob-

served differences are very weak and close to the detection limit

of state-of-the art experiments. Our results indicate that there are

weak influences of TMAO and GdnHCl on the hydrogen bond net-

work of water at different temperatures – if there are any. This

requests simulation studies on the microscopic structure of aque-

ous systems, in particular, taking quantum effects into account as

typically measured in Compton scattering experiments.
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