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Abstract

The effect of fluorine substitution on the hydrogen bond strength in alcohol-amine
molecular complexes was investigated, with a combination of vapour phase infrared
spectroscopy and theoretical calculations. The complexes were combined from methanol
(MeOH), ethanol (EtOH) and trifluoroethanol (TFE) as the hydrogen bond donor, and
either dimethylamine (DMA) or trimethylamine as the acceptor. The fundamental
OH-stretching vibration involved in hydrogen bonding was measured for all complexes,
as well as the weak second NH-stretching overtone for the DMA complexes. Equi-
librium constants for complex formation were determined by combining a calculated
intensity and the measured integrated absorption. The observation of two transitions
in the alcohol-DMA complexes provides an opportunity for two independent determi-
nations of the equilibrium constants. Molecular interactions between the monomers
were elucidated by Natural Bond Orbital, Atoms in Molecules and Non-covalent Inter-

actions analysis. We find that the alcohol-amine complexes with TFE as the hydrogen
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bond donor form stronger hydrogen bonds and that secondary interactions between the
monomers increase from MeOH to EtOH to TFE. TFE is a stronger acid than EtOH
and MeOH making the OH bond weaker, and the OH-stretching frequency is redshifted
in TFE relative to EtOH. This redshift is small in the monomers but significantly

enhanced upon complexation.

Introduction

The importance of the hydrogen bond (XH- - -Y) has been recognised for decades.? More
recently, it has been found that hydrogen bound complexes of various kinds are important
for the physics and chemistry of the atmosphere. Hydrated complexes impact radiative
transfer in the atmosphere,®® and can affect reaction rates through water catalysis or lead
to alternative reaction paths.®® In addition, it has been discovered that hydrogen bound
complexes give rise to the formation of nanometer sized aerosol particles.?!’ These aerosol
particles and their associated cloud formation represent one of the largest uncertainties in
current climate models. Central to all of these issues is the atmospheric abundance of the
hydrogen bound complexes.

The abundance of a complex, which is given by the pressure of a complex (Peompiex) 1S
determined from the equlibrium constant (K.,) and the pressures of the two monomers, Py

and Pg, forming the complex:

Pcomplex -K PA PB
pe % pe pe’

(1)

where P* is the standard pressure, 1 bar. At thermal equilibrium, the equilibrium constant

is related to the Gibbs free energy (AG*®) by:

x P, (2)

_AGG Pcom ex
Keq = exp< ) = 2

RT PyPy

where R is the gas constant and 7" the temperature. For most applications, AG® is calculated
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with ab initio methods, which is difficult and associated with large uncertainties as both AH
and AS are required.

Gas phase vibrational spectroscopy is a good method for observing hydrogen bound
complexes and characteristics related to hydrogen bonding can be observed.? These typi-
cally include a measured redshift in the vibrational XH-stretching frequency, an intensity
enhancement of the fundamental XH-stretching transition and a corresponding intensity
decrease for the first overtone.? However, occasionally a blueshift of the XH-stretching fre-
quency is observed upon complexation.?!! Both the frequency redshift and the intensity
enhancement facilitate detection of even weakly bound complexes.'? Recent studies on weak
hydrogen bound complexes have shown that IR spectroscopy combined with calculated vi-
brational intensities makes it possible to determine reasonable K, or AG* values, ' * which
5

are better than values obtained from ab initio calculations.’

Here, we investigate a series of alcohol-amine complexes:

R,
/
Rl - H2C —OH-—— N\_ CH3
CH;

where for the hydrogen donating alcohol we choose the substituent series, R; = H, CHj3 or
CF3. We expect to observe only a little change in the hydrogen bond strength when substitut-
ing the electron donating CHj group.'? However, when substituting the CF3 group, contain-
ing electron withdrawing F atoms, the change in hydrogen bond strength is unknown. The
amines DMA (Ry; = H) and TMA (R, = CHj3) have been used as hydrogen bond acceptors,
where TMA is a slightly better acceptor due to the extra methyl group that donates electrons
to the N lone pair. The possible stable structures of the alcohol-amine complexes were found
with quantum chemical calculations, which was also used to calculate the OH-stretching
frequencies and intensities. The equilibrium constants K., were determined by combining a

calculated intensity and the measured integrated absorption of the OH-stretching vibration.
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We were also able to detect the very weak second NH-stretching overtone in the alcohol-
DMA complexes, and with calculated anharmonic local mode!®!® NH-stretching intensities,
it was possible to determine K., also from the second NH-stretching overtone. The inclusion
of the DMA complexes, although not very different from the TMA complexes, provides a
unique opportunity to determine K, from two different vibrational transitions in the same
complex, and thereby further improve the accuracy. The Gibbs free energy (AGg3) for
the formation of the complexes, was calculated with standard statistical mechanics in Gaus-
sian 09,'"% and from it, the equilibrium constant (K$'°), which was compared with our
determined K.,. To elucidate the experimental evidence of changes in the hydrogen bond
strength, Natural Bond Orbital (NBO), Atoms in Molecules (AIM)?1?2 and Non-covalent

Interactions (NCI)?? analysis were performed.

Experimental methods

TMA (anhydrous, 99%) and DMA (anhydrous, 99+%) were purchased from Aldrich and
used without further purification. Methanol (Aldrich anhydrous, 99.8%), ethanol (Kemetyl
anhydrous, 99.9%) and 2,2,2-trifluoroethanol (Aldrich anhydrous, 99.9%) were purified by
freeze, pump and thaw cycles. The complexes were studied with a VERTEX 70 (Bruker)
FTIR spectrometer using a 1 cm™! resolution. A CaF, beam splitter, MCT and InGaAs
detectors were fitted to the spectrometer. To minimise the interference by H,O and CO,
vapours, the spectrometer was purged with dry nitrogen gas. Mixtures were prepared in
a glass vacuum line with a base pressure of 1x10~* Torr. Known pressures of the two
components in the mixture were left to mix for half an hour to ensure that equilibrium was
reached. Sample pressures were measured with a Varian diaphragm pressure gauge (1-1500
Torr, DV100) and a CCM instrument pressure gauge (0-10 Torr, LPC501) connected to
the vacuum line. Measurements were performed at room temperature (298 K). A 10 cm

path length gas cell, equipped with KBr windows was used to measure the fundamental
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transitions, and a 4.8 m multi-reflection White cell (Infrared Analysis, Inc) equipped with
KCI windows and coated gold mirrors, was used to measure the overtone transitions. Spectral
subtraction and analyses were performed with OPUS 6.5 and Origin 8.1 software. Spectra

were deconvoluted with a number of Lorentzian bands and a straight baseline.

Computational details

Initially, the geometries of the monomers and complexes were optimised in Gaussian 09!
with the B3LYP,?* wB97XD? and M06-2X?® functionals and the aug-cc-pVTZ basis set,
using the options "opt=verytight" and "integral=ultrafine". Very similar geometries were
obtained with these three DF'T functionals. The largest difference was a 4 degree difference
in the hydrogen bond angle for the TFE-TMA complex. The optimisation was followed by
a harmonic frequency calculation with each functional to ensure that an energy minimum
was found. Posteriori to the DFT?" optimisations, the counterpoise correction (CP)?2%2
was calculated, to reduce the basis set superposition error (BSSE) in the calculations of the
electronic energy of the complexes.

The Gibbs free energy of formation was calculated, in Gaussian 09 using standard sta-
tistical mechanics,'®2% for the alcohol-amine complexes at 298.15 K (AGSye) and from it,
a calculated equilibrium constant (K gglc) was obtained.

The vibrational frequencies and oscillator strengths of the OH- and NH-stretching vibra-
tions in the complexes, were calculated with an anharmonic oscillator local mode model. 618
We assume, that the OH- and NH-stretching vibrational modes can be described by an iso-
lated Morse oscillator with the energy levels given by:3°

E, 1 1

EV = % = <V+ 5)(:) — (V+ 5)2a)$, (3)

here h is Planck’s constant and ¢ the speed of light in vacuum. The harmonic frequency w

and the anharmonicity wz are determined using the 2nd, 3rd and 4th order derivatives of
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the potential energy surface.®! The derivatives are obtained from a 15-point DFT calculated
potential energy grid. The energy potential is obtained by displacing the XH bond length
by -0.30 A to 0.40 A in steps of 0.05 A from the optimised bond length.

The dimensionless oscillator strength, f, is given by:3?
foo = 4.702 x 10~ [em D™ y0] jivo|?, (4)

where v is the vibrational quantum number, 7y is the wavenumber of the vibrational tran-
sition from 0 — v in em™" and fiyo = (v|f|0) is the transition dipole moment in Debye (D).

The transition dipole moment can be expanded:

6
ﬁvO = Zﬂ}<v\ql\0>, (5)
i=0

where ¢ is the vibrational displacement coordinate from the equilibrium geometry and f; is
the dipole moment expansion coefficients. The expansion coefficients are obtained by fitting
a 6th order polynomial to a 15-point dipole moment grid in the same range as the potential
energy. The local mode grids were calculated with all three DFT methods around their
respective geometries.

The Natural Bond Orbital (NBO) analyses were performed in Gaussian 09 with the
functionals B3LYP, wB97XD and MO06-2X and the aug-cc-pVTZ basis set. The Atoms
in Molecules (AIM)?"?? calculations were performed in AIM2000, and the Non-Covalent
Interactions (NCI)* calculations were carried out with NCIPLOT. The wavefunction files

used for AIM and NCI were generated in Gaussian 09 with DFT /aug-cc-pVTZ methods.

Results and discussion

In Figure 1, the lowest energy M06-2X/aug-cc-pVTZ optimised structures of the TFE-

amine (TFE-DMA, TD1 and TFE-TMA, TT) and EtOH-amine (EtOH-DMA, ED1 and

Page 6 of 31



Page 7 of 31

Physical Chemistry Chemical Physics

EtOH-TMA, ET1) complexes are shown. Additional conformers were found and are shown
in Figure S1 (TFE-DMA; TD2 and TD3, EtOH-DMA; ED2, ED3, ED4, and EtOH-TMA;
ET2). For the TFE-DMA complex three conformers were found. In two of the conformers,
TD1 and TD2, the OH bond in TFE is the hydrogen donor, and in the third conformer
TD3 the NH bond in DMA is the hydrogen donor. For the TFE-TMA complex only one
conformer was found, T'T. For the EtOH-DMA complex four conformers were found. Two
with the OH bond in EtOH as the hydrogen bond donor, where the EtOH unit is in either
a gauche (ED1) or trans (ED2) conformation. Likewise, two conformers with the NH bond
of DMA is the hydrogen donor where the EtOH unit is in either a gauche (ED3) or trans
(ED4) conformation. For the EtOH-TMA complex two conformers were found, which have
the EtOH unit in either a trans (ET1) or gauche (ET2) conformation.

Calculations with the CCSD(T)-F12a33 method could not be performed on all complexes
due to the size of the complexes. The M06-2X /aug-cc-pVTZ?% method has previously shown
to calculate binding energies of hydrogen bound complexes, in good agreement with those
obtained with higher level CCSD(T)-F12a calculations, 1334 and significantly better than
the B3LYP /aug-cc-pVTZ energies. In Table 1, we compare the M06-2X /aug-cc-pVTZ cal-
culated binding energies (BE) and structural parameters relevant for hydrogen bonding for
the lowest energy conformers of the amine-alcohol complexes. Table S1 and S2 present the
calculated BFE and structural parameters of additional conformers found. In Table S1, we
also give the Gibbs free energies (AG35y.) and equilibrium constants (K$2¢) calculated with
different DF'T functionals for all conformers in the TFE-amine and EtOH-amine complexes.
The EtOH-amine and MeOH-amine complexes have similar BE (ca. -28 kJ/mol) whereas
The TFE-amine complexes have more negative binding energies (ca. -40 kJ/mol), and thus
TFE forms stronger hydrogen bound complexes than EtOH and MeOH, which is also evi-
dent from the geometric parameters. However, little difference is found in the BE between
DMA and TMA as the hydrogen bond acceptors. It is clear from Table 1 that the previously

studied dimers (alcohol dimers and DMA dimer)> %! have significantly lower BE than the
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corresponding alcohol-amine complexes and hence dimer formation will be very limited and
will not effect our experiment. We further reduce the effect of dimers in our experiment by

subtracting monomer spectra recorded at pressures close to those used in the mixtures.

Observed and calculated OH- and NH-stretching transitions

The TFE-amine, EtOH-amine and MeOH-amine complexes were investigated in the region
3000 - 10000 cm~t. We have observed the fundamental OH-stretching vibration in all com-
plexes and the second overtone of the free NH-stretching vibration in the alcohol-DMA
complexes.

In Figure 2 left, gas phase FTIR spectra of TFE, DMA and a mixture of the two gases
are shown. In order to obtain a spectrum of the TFE-DMA complex, the monomer spectra of
TFE and DMA were subtracted from the spectrum of the mixture. The monomer spectra are
recorded at a different pressure relative to the pressure of each monomer in the mixtures. We
use bands specific to each monomer to determine the monomer pressures in the mixture and
thus provides an accurate subtraction. An accurate subtraction is found when after scaling
and subtracting of the monomer spectra a straight baseline is found in that region An example
is seen in Figure 2 (right panel) where the OH-stretching band of TFE is observed in the
spectra of both the monomer and the mixture, but completely subtracted in the spectrum
of the complex. The pressures used for the amines are much larger than the pressure for the
alcohols and thus the scaling factors is much smaller for the amines. The scaling is expected
to have minimal effect on the full width at half maximums (FWHM) and the integrated
absorbance of the OH-stretching band in the complexes as it mainly affects bands lying
outside the OH-stretching absorption in these complexes. Weak water lines appear in the
spectra around 3600 - 3700 cm~! and are difficult to subtract completely, but do not affect
the complex spectra. The OH-stretching vibration in the TFE-amine complexes is clearly
observed in the subtracted spectrum (red curve) around 3200 cm~!. Similarly, in the right

panel spectra are shown for the TFE-TMA complex. In Figures S2 and S3, spectra are
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shown for the other alcohol-amine complexes. To check the reproducibility of our work, and
to confirm that binary complexes were observed, we recorded spectra of all the alcohol-amine
complexes with different combinations of monomer pressure (Figures S3 - S5).

In Figure 3, spectra of the fundamental OH-stretching vibration in the six alcohol-amine
complexes are compared. In Table 2, our observed wavenumbers, redshifts and FWHM
of the OH-stretching transitions in the alcohol-amine complexes are summarised and com-
pared with our calculated OH-stretching redshifts. Our observed fundamental OH-stretching
wavenumbers agree with those previously observed for the alcohol-amine complexes. 134244
To determine the redshift of the OH-stretching vibration in the complexes relative to the
alcohol monomers, spectra of the alcohols were recorded in the Avpoy = 1-3 region, and
these also agree with previously recorded spectra (Figures 3 and S6).457 We observe red-
shifts of 485 and 460 cm™! for the fundamental OH-stretching vibration in the TFE-TMA
and TFE-DMA complexes, respectively. For the EtOH-amine and MeOH-amine complexes,

I were observed for the fundamental OH-

smaller redshifts of approximately 300 - 330 ¢cm™
stretching transition. These observed redshifts suggest that TFE forms stronger hydrogen
bound complexes than EtOH and MeOH, which are comparable. The larger redshift of the
OH-stretching vibration observed with TFE as a hydrogen bond donor relative to EtOH
and MeOH, agrees with previous observations for other similar hydrogen bound complexes:
TFE-H,O (A7 = 129 em ™), EtOH-H,O (Av = 23 cm™1),*® TFE-DME (Av = 202 cm™!)
and EtOH-DME (A7 = 110 em™").* The OH-stretching frequency in the TFE-amine com-
plex is redshifted 150 cm™! relative to the OH-stretching frequency in the EtOH-amine
complex. For the alcohol monomers we observe that the OH-stretching frequencies are close.
The OH-stretching frequency in TFE is only redshifted approximately 20 cm ™! compared to
OH-stretching frequency in EtOH, thus the substitution of fluorine is more significant for the
complexes than for the alcohol monomers. From Figure 3 it is also clear that a slightly larger

redshift of the OH-stretching vibration is observed for the alcohol-TMA complexes than for

the alcohol-DMA complexes. This agrees with TMA being a slightly better hydrogen bond
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acceptor, as expected from the additional electron donating methyl group in TMA. The
FWHM of the OH-stretching vibrations in the TFE-amine complexes are approximately 200

! compared with smaller widths of only 80 cm™! for the EtOH-amine and MeOH-amine

cm”™
complexes. This suggests a stronger hydrogen bond interaction in the TFE-amine complexes
(Figures S7 and S8).

Gas phase spectra of the alcohol-amine complexes in the 4500 - 6550 cm ™! region are pre-
sented in Figures S9 - S12. Very weak bands are observed around 6000 cm™!, which is where
the second OH-stretching overtone transition should be found. However, based on calcula-
tions and previous observations of first overtone transitions, these transitions are extremely
weak and not likely to be observed in our spectra of the alcohol-amine complexes. %4:5:32:50

In Figure 4, spectra of the alcohol-DMA complexes in the 9000 - 10000 cm ™! region are
shown. We assign the strong transition at approximately 9615 cm™! to the 3y, second
overtone transition of the free NH-stretching in the DMA unit, which is in reasonable agree-
ment with the local mode calculated frequency (9653 cm™!). The corresponding fundamental
transition was not observed since it is very weak compared to the OH-stretching and close
to the NH-stretching in the DMA monomer.®® The first overtone of the NH-stretching tran-
sition could be observed, however, the second overtone transition is redshifted more relative
to the NH-stretching vibration in the DMA monomer and appears more clearly. The much

1'is assigned to a hot band, which is a combina-

weaker band at approximately 9368 cm™
tion of low frequency methyl torsion and 3yp,.'* Tables 2 and S4 summarise the observed
NH¢-stretching frequencies.

The shift for the NHg-stretching transition is minimal between the three complexes,
which indicates that the NH-bond is not involved in the interaction between the monomer
units forming the complex. The shift in this second NH-stretching overtone is 40 cm™*
corresponding to a change in the harmonic frequency of only 10 ecm~!. In comparison, the

OH bond involved in the hydrogen bond has a large redshift of approximately 300 - 460

cm~! for the fundamental OH-stretching transition upon complexation. The small shift of

10



Page 11 of 31 Physical Chemistry Chemical Physics

the NHg-stretching transition is in fair agreement with the B3LYP local mode calculation
that predicts a minimal shift of the NH¢-stretching vibration upon complexation (Tables 2,
S9 and S12).

We have used a range of DFT methods in combination with the local mode model to
calculate vibrational transition frequencies and intensities. We also calculated the harmonic
frequencies with the B3LYP, wB97XD and M06-2X DFT methods at their respective op-
timised geometries. Of the three DFT methods the B3LYP /aug-cc-pVTZ calculated fre-
quencies and intensities were found to be in best agreement with experimental frequencies
and intensities of the monomers TFE and EtOH (Figure 3, Tables S8 and Tables S10 -
S11). The DFT/aug-cc-pVTZ calculated local mode parameters are given in Tables S5 -
S7, for all the optimised conformers of the alcohol-amine complexes and the corresponding
monomers. The DFT calculated local mode parameters of the OH- and NH-stretching vi-
brations are close to the observed parameters for the monomers.'® For the OH-stretching
vibration, the harmonicity seems somewhat low and the anharmonicity high compared to
the observed parameters for the fundamental transition. In Tables S8 - S15 the DFT /aug-cc-
pVTZ calculated anharmonic frequencies and intensities are summarised for the monomers
and corresponding alcohol-amine complexes. The calculated frequencies of the OH-stretching
vibrations are underestimated and the NH¢-stretching vibration is somewhat overestimated
relative to the experimental observation. In Table S16, calculated harmonic normal mode
OH-stretching frequencies and intensities are summarised for the TFE-amine and EtOH-
amine complexes. The calculated harmonic oscillator OH-stretching frequencies are close to
the harmonic frequencies of the OH-stretching local mode, suggesting that the local mode
model is a reasonable approach. In Table 2, the B3LYP /aug-cc-pVTZ calculated redshifts
are compared to the observed redshifts of the fundamental OH-stretching transition and the
second overtone of the NH¢-stretching transition. The shifts in the MeOH/EtOH complexes
are similar, while larger redshifts are predicted and observed for the TFE-amine complexes.

The frequency redshifts are about 30 cm™! larger in the alcohol-TMA complexes relative to

11
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the alcohol-DMA complexes. In the weaker amine-amine complexes this difference was less
than 10 cm !, 12

The determination of the experimental K, relies on an accurate intensity. The results
in Tables S8 - S16 show that the calculated OH-stretching fundamental transition oscillator
strengths are similar for all DF'T methods used, and similar for the anharmonic local mode
and harmonic normal mode models. We measured the experimental oscillator strength for
the fundamental OH-stretching vibration in EtOH to be 2.5x107° (see Figure S13), which is
similarly to the previously determined experimental oscillator strength of 3.1x1075.45 There
are two conformers of EtOH, which are difficult to observe in the spectra. Taking a 50% /50%
average of the gauche and trans calculated M06-2X /aug-cc-pVTZ and B3LYP /aug-cc-pVTZ
local mode intensities, oscillator strengths of 4.7x107% and 2.7x107% are obtained, respec-
tively. The B3LYP result agrees best with the experimental determined oscillator strength.
The calculated oscillator strengths for the different conformers are quite similar and thus
the calculated oscillator strengths of the transition is insensitive to the relative abundance
of the conformers. An significant increase in the fundamental OH-stretching intensities and
a large decrease in the intensity of the first overtone are found as expected upon hydrogen

bond formation. 213,51

Equilibrium constant

Complexation is described by the following equilibrium:

TFE + DMA = TFE - DMA (6)

The equilibrium constant of the complex (TFE-DMA) can be determined from the pressure

of the complex (Prpg.pma) and the product of the monomer pressures:

Preg. P*® Prrg.
Koy — IFE-DMA/ _ Presova o pe 7
Pryg/P® x Poya /P PreePoua

12
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where P* is the standard pressure (1 bar = 0.99 atm). Prpg and Ppya are measured in our

experiments and we determine the pressure of the complex using the following equation:*?

T [ A(®)do

Prrepva = 2.6935 x 107(K~! Torr m c¢m) Tl
calc

(8)

where T is the temperature, A the observed absorbance, f A(D) dv the observed integrated
absorbance, f... the calculated oscillator strength and [ the optical path length. This method
has shown to be successful when determining K. '%341:52:53 The pressure of the complex
is small with a maximum value of approximately 0.9 Torr for the stronger hydrogen bound
TFE-DMA complex and could not be measured directly.

It is difficult to accurately determine the [ A(7)dv of the OH-stretching vibration in the
EtOH-amine complexes, since the separation from the sidebands is small. The intensities
of the sidebands are small compared to the intensity of the OH-stretching band, and part
of their intensity is probably obtained by coupling to the strong fundamental OH-stretching
transition. Thus the [ A(0) do of the full band is used in equation 8. Based on our calculated
abundances (Tables S17 - S19), a 50%/50% average of the local mode B3LYP /aug-cc-pVTZ
calculated oscillator strengths for the two conformers for each TFE-DMA, EtOH-DMA and
EtOH-TMA complexes were used in equation 8 to calculate the pressure. For the other
complexes only one conformer was used.

In Figure 5, we show a plot of the pressure of the TFE-DMA and EtOH-DMA complexes
(Peomplex) determined from eq. 8 as a function of the product of the monomer pressures
(Paconol X Ppoama). Average fundamental OH-stretching oscillator strengths of 3.2x107* and
2.2x107* were used for the TFE-DMA and EtOH-DMA complexes, respectively. Multiplying
the slope with the standard pressure leads to equilibrium constants of 3.56 and 0.11 for
the TFE-DMA and EtOH-DMA complexes at 297 K, respectively. The same is done for
the TFE-TMA and EtOH-TMA complexes (Figure S14), and equilibrium constants of 3.50
(297 K) and 0.14 (296 K) were obtained, respectively. Average fundamental OH-stretching

oscillator strengths of 3.4x107* and 2.31x10~* were used for the TFE-TMA and EtOH-TMA

13
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complexes, respectively. The determined K, for the EtOH-amine complexes are similar to
that previously determined for the MeOH-DMA complex, 0.11 at 300 + 1 K, using the same
approach.!® For the MeOH-TMA complex we find a K, of 0.11 at 297 K (Figure S3).

The uncertainty of the determined K., stems from the pressure measurement, deter-
mination of the integrated absorbance and most important the calculated intensities. '3 The
B3LYP /aug-cc-pVTZ local mode calculated OH-stretching intensities for the MeOH-DMA /TMA
complexes are in very good agreement with previous CCSD(T)-F12a calculated intensities. '
For the water dimer ((H20)3) it was found that the reduced dimensionality local mode cal-
culated OH-stretching intensity (CCSD(T)/aug-cc-pVTZ) of the OH-stretching vibration
involved in the hydrogen bonding was approximately a factor of 2 larger than the intensity

calculated with a full dimensional VPT2 approach,’>*

which was in good agreement with
the experimental value.?® We assume that the BSLYP calculated oscillator strengths for the
TFE/EtOH-amine complex have uncertainties of approximately a factor of 2. The deter-
mined K4 are listed in Table 3. The TFE-amine K., are approximately 30 times larger than
the Kq determined for the MeOH-amine and EtOH-amine complexes. This clearly indicates
that TFE forms stronger hydrogen bound complexes than EtOH and MeOH.

For the TFE-DMA and EtOH-DMA complexes we can also use the observed second
overtone of the NHj-stretching vibration to determine the equilibrium constants (Figure
S15). From this overtone transition, we obtain equilibrium constants of 7.96 and 0.44 at
298 K for the TFE-DMA and EtOH-DMA complexes, respectively. The NH;-stretching
vibration is relative unaffected by the complexation and the uncertainties of its intensities
relates to the uncertainty of calculated overtone intensities . The 30y transition in DMA has
been observed with an intensity of 1.77x1078.%% The B3LYP /aug-cc-pVTZ calculated local
mode NH-stretching intensity of 2.61x 1078 is about a factor of 1.5 higher than the observed
intensity and we assume a similar error in the calculated intensities of the complexes.

For the TFE-DMA and EtOH-DMA complexes the determined K., values, obtained

from the two different transitions, are in reasonable agreement considering the mentioned

14
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uncertainties for the oscillator strengths. In comparison Kgglc values determined from AG*®
calculated with DFT or ab initio methods using the harmonic oscillator rigid rotor approach

often lead to a variation in K¢l

ca'¢ that can be up to several orders of magnitude (see Table

S1). The variation between our determined K., values from the fundamental OH-stretching
vibration and the second overtone of the NH¢-stretching vibration, is significantly less than

the variation in the ab initio calculated values of Ko, or AG®.

Hydrogen bond and secondary interactions.

Natural Bond Orbital (NBO), Atoms in Molecules (AIM)?2!?257 and Non-covalent Interac-
tions (NCI)?*57 are methods, which can characterise the strength of interactions between
two units. The main results of the NBO, AIM and NCI analysis are summarised in Table
3. It is clear that MeOH and EtOH are very similar in all aspects of complex formation,
as also seen in the similar OH-stretching frequency shifts and K., values. The calculated
NBO interaction between the antibonding orbital (¢*) of the OH bond and the lone pair
on N is similar for the MeOH-amine and EtOH-amine complexes, and almost twice as large
for the TFE-amine complexes. This explains the stronger hydrogen bond formed in the
TFE-amine complexes, in agreement with the larger determined equilibrium constants and
observed OH-stretching frequency shifts.

Both AIM and NCI theories are based on the electron density, p. In AIM, the topological
properties of p are correlated with elements of molecular structure (atoms and bonds). Since
the p is at a maximum at the nuclei the localisation of the maxima enables the identification
of atomic positions. As atomic positions are identified, chemical bonds are defined as saddle
points (minima) between these maxima. These saddle points are known as bond critical
points (BCP). Mathematically, this is defined as the second derivatives, A1, A2 and A3, along
the main axes of variation (eigenvalues). At a BCP A; and )\, are positive and A3 is negative.

Ring critical points (RCP) can also apear, which are second order saddle points with \;

15



Physical Chemistry Chemical Physics Page 16 of 31

negative whereas Ay and A3 are positive and signify ring strain. The AIM calculations show
a (3, -1) bond critical point for the OH--N hydrogen bond in all complexes, where 3 is the
number of eigenvalues different from zero and -1 is the sum of the sign of the eigenvalues.
The calculated AIM electron density (p) at the bond critical point of the hydrogen bond,
show similar density for the MeOH and EtOH complexes and a larger density for the TFE
complexes. When the monomer size increase from MeOH to EtOH to TFE, a larger number
of secondary interactions arise as seen in the appearance of additional bond critical points
between the two units (Figures S16 - S18 and Tables S21 - S22). Previously AIM calculations
showed that for weak interactions p is smaller than for strong interactions, and for weak
interactions the laplacian of the electron density (V?p) is more positive than for strong
interactions. For the hydrogen bond interaction in the TFE-amine complexes, larger p and
smaller V?p are calculated, compared to those in the MeOH /EtOH-amine complexes. These
also suggest that a stronger hydrogen bond is formed in the TFE-amine complexes.

In NCI, both the electron density (p) and its reduced gradient are used. Regions where p
and the reduced electron density gradient are low corresponds to appearance of non-covalent
interactions. The isosurfaces of the reduced electron density gradient can be used to visualise
the non-covalent interactions in 3D. In NCI plots, values of the reduced electronic density
gradient, the electron density and the eigenvalue Ay determined at points in a grid around the
molecule are plotted. In the presence of non-covalent interactions troughs are observed in the
reduced electron density gradient and are characterised as BCP or RCP based on the sign of
A2 In Figure 6, the NCI plots (reduced electronic density gradient versus the electron density
oriented by the sign of the second eigenvalue Ay) and NCI isosurfaces for the B3LYP density of
the TFE- TMA, EtOH-TMA and MeOH-TMA complexes are shown. For all three complexes
troughs are observed around -0.04 a.u., illustrating the main hydrogen bond interaction in
agreement with AIM. For the EtOH-TMA and MeOH-TMA complexes, the troughs are
calculated slightly above -0.04 a.u. whereas for the TFE-TMA complex the trough due to

the hydrogen bond interaction is below -0.04 a.u., which again indicates a stronger hydrogen
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bond interaction in the TFE-TMA complex. The hydrogen bond interaction is clearly seen in
all NCI plots as the blue circular isosurface. For the EtOH-TMA and TFE-TMA complexes,
secondary interactions are also observed as the two troughs close to zero (BCP and RCP),
and also clearly seen as the green isosurface between monomer units. The slightly stronger
secondary interaction in the TFE-TMA complex, compared to EtOH-TMA, is also seen in
both the NCI plots and the isosurfaces. We suspect that the larger K., values for the TFE-
amine complexes arise from both the primary hydrogen bond interaction and from the larger
number of secondary interactions.

We also investigated the effect of calculating the hydrogen bond interaction using different
DFT functionals, and find significant differences. B3LYP suggests smaller interaction as seen
in both NBO, AIM, NCI and the calculated binding energies. Table S20, summarises the
NBO interaction between the ¢* orbital at the OH bond and the lone pair on N calculated
with different DFT functionals. The NBO interactions calculated with the BSLYP method
is smaller than the interactions calculated with the wB97XD and M06-2X methods. The
smaller hydrogen bond interaction calculated with the B3LYP method also results in smaller
calculated redshifts (Table S16). In Figures S16 - S18, the calculated bond critical points
for the alcohol-amine complexes with different DFT functionals are shown, and Tables S21
and S22, summarise p and V?p values for all bond critical points found for the alcohol-amine
complexes with different DFT functionals. The B3LYP method yields fewer bond critical
points than the wB97XD and M06-2X methods. This observation agrees with the smaller
B3LYP interaction calculated from the binding energies and the NBO analysis. Figure S19,
illustrates the NCI plots for one conformer in the EtOH-TMA complex calculated with the
three different DF'T functionals. The troughs corresponding to the hydrogen bond interaction
are virtually unaffected when the different functionals are used. However, changes in the
troughs due to secondary interactions are observed when different functionals are used. The
secondary interactions become more prevalent as we change from B3LYP to wB97XD or

MO06-2X, i.e as the DFT functionals include more dispersion. In Figure S20, NCI plots for
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the conformers ET1 and ET2 are compared. Because of the different orientations of the

EtOH unit, secondary interactions are only observed for the ET1 conformer.

Conclusion

The fundamental OH-stretching and second NHg-stretching overtone transitions in a se-
ries of alcohol-amine complexes have been observed. The addition of a methyl group to
MeOH has limited effect on the hydrogen bond interaction, similar to the effect of adding
a methyl group to the DMA donor. However, adding a CF3 group has a large effect on
the hydrogen bond interaction. This is based on our calculated binding energies, observed
redshifts and determined equilibrium constants. Only small differences are observed in the
OH-stretching frequencies of the monomers, with the TFE frequency redshifted approxi-
mately 20 cm™! relative to the EtOH frequency. Redshifts of approximately 470 cm~! and
300 cm ™! were observed for the OH-stretching transition of the TFE-amine complexes and
the EtOH/MeOH-amine complexes, respectively, thus the substitution of fluorine is much
more pronounced for the complexes than for the alcohol monomers. TFE is a stronger acid
than EtOH, thus TFE has a smaller proton affinity.*®%° The OH bond in TFE is therefore
weaker than the OH bond in EtOH, which gives rise to a stronger hydrogen bond in the
TFE-amine complexes. So even though the CF3 group is substituted far from the OH bond
forming the hydrogen bond, it significantly effects the hydrogen bond strength. NBO, NCI
and AIM analysis confirm that a stronger hydrogen bond is formed in the TFE-amine com-
plexes relative to the EtOH/MeOH-amine complexes, and secondary interactions increase

from MeOH to EtOH to TFE.
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Tables and figures

TD1 TT

ED1 ET1

Figure 1: Optimised M06-2X /aug-cc-pVTZ structures of the TD1, TT, ED1 and ET1 con-
formers in the TFE-amine and EtOH-amine complexes.
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Table 1: Calculated M06-2X /aug-cc-pVTZ electronic binding energies (BE) including zero
point vibrational correction (in kJ/mol) and optimised geometric parameters (in A and
degrees) for the alcohol-amine complexes shown in Figure 1.

Complex BE  ARou* Rug® 0Ous®

MeOH-DMA -28.07 0.016 1.881 161.6
EtOH-DMA  -27.26 0.015 1.899 169.3
TFE-DMA -40.45 0.030 1.767 171.3

MeOH-TMA -28.20 0.018 1.881 169.1
EtOH-TMA  -28.27 0.016 1.901 165.6
TFE-TMA -41.47 0.031 1.752 175.0

(MeOH), -19.50  0.006  1.950  147.9
(EtOH), -23.05 0.007 1.918 161.1
(TFE), 2469 0.007 1.907 150.6
(DMA), -16.90  0.005 2.172  148.9

a: Change in the OH bond length upon com-
plexation, Reomplex - RTFE/E(OH/MeOH-

b: The intermolecular hydrogen bond dis-
tance as shown in Figure 1.

¢: The intermolecular hydrogen bond angle as
shown in Figure 1.
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Figure 2: Left: Spectra of 1.6 Torr TFE + 65 Torr DMA (black), 63 Torr DMA (blue)
and 7 Torr TFE (green). A spectrum of the TFE-DMA complex is also shown (red), which
was obtained by subtracting the blue and green spectra from the black spectrum. Right:
Spectra of 1.2 Torr TFE + 183 Torr TMA (black), 190 Torr TMA (blue) and 7.4 Torr TFE
(green). A spectrum of the TFE-TMA complex is also shown (red), which was obtained by
subtracting the blue and green spectra from the black spectrum. All spectra were recorded
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with a 10 cm path length cell, MIR light source, 500 scans and an MCT detector.
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Figure 3: The OH-stretching vibration in the TFE-amine, EtOH-amine and MeOH-amine
complexes compared with spectra of the fundamental OH-stretching transitions in TFE (3659
em™ 1), EtOH (3676 cm™!) and MeOH (3688 cm™!). All spectra were recorded with a 10 cm
path length cell, MIR light source, 500 scans and an MCT detector.
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Table 2: Observed and B3LYP /aug-cc-pVTZ calculated fundamental OH-stretching and
second overtone NH-stretching wavenumbers () and bandwidths (FWHM, T') in cm™" for

the different alcohol-amine complexes.

Observed Calculated Observed Calculated
Complex DOH AﬁOHa F AﬁOHa’bADOHa’C ﬁNHf AﬁNHf a F ADNHf a,¢
MeOH-DMA? 3387 301 77 376 468 9618 38 44 29
EtOH-DMA 3380 296 82 354 445 9615 41 41 -3
TFE-DMA 3199 460 218 572 731 9614 42 38 21
MeOH-TMAY 3355 333 78 381 465 - - - -
EtOH-TMA 3345 331 82 356 450 - - - -
TFE-TMA 3174 485 204 570 739 - - - -

a: AD = Dmonomer - ljcomplex-
b: Harmonic normal mode calculation.
¢: Anharmonic local mode calculation.

d: Taken from ref.!3
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Figure 4: The 30yg, and combination bands of the complexes TFE-DMA, MeOH-DMA '3
and EtOH-DMA. The spectra were recorded with a 4.8 m path length cell with NIR light
source and an InGaAs detector. The black and red spectra were recorded with 2000 scans.
The blue spectrum was recorded with 500 scans.
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Figure 5: The pressure of the complex as a function of the multiplied pressure of the
monomers. The slopes multiplied with the standard pressure yields equilibrium constants of
3.61 and 0.11 for the TFE-DMA (black triangles) and EtOH-DMA (red circles) complexes,
respectively. Average B3LYP /aug-cc-pVTZ calculated oscillator strengths of 3.2x10~% and
2.2x107%, for the fundamental OH-stretching transitions, were used to determine Peomplex
for the TFE-DMA and EtOH-DMA complexes, respectively.
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Table 3: Determined equilibrium constants (K., 1 bar), M06-2X/aug-cc-pVTZ NBO inter-
action (kcal/mol) and the M06-2X/aug-cc-pVTZ AIM electron density (p in a.u.) and the
laplacian of the electron density (V?p in a.u.) at the bond critical point for the alcohol-amine
complexes shown in Figure 1.

Complex Ko Ke” o*(OH):N  p V2p

MeOH-DMA 0.11¢  0.19¢ 12.86 0.037  0.077
EtOH-DMA 0.11  0.44 13.20 0.035 0.077
TFE-DMA 3.56  7.96 25.47 0.049 0.064

MeOH-TMA 0.11 - 12.34 0.038 0.072
EtOH-TMA 0.14 - 12.05 0.036  0.075
TFE- TMA 3.50 - 23.80 0.051  0.061

a: Keq determined from the fundamental OH-stretching
intensity.

b: K., determined from the second overtone of the NH;-
stretching intensity.

c: Result taken from ref,'® K, calculated assuming only
one conformer.
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Figure 6: Top: The B3LYP/aug-cc-pVTZ normalised and reduced density gradient as a
function of the sign(A)p. Bottom: B3LYP/aug-cc-pVTZ NCI isosurfaces. The strong
interactions between the OH--N are represented in blue and the weak secondary interactions
in green.
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