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FTIR spectra of 1-propanol in an argon matrix were studied in the range 11 to 30 K. Principal component
analysis of dynamic FTIR spectra and nonlinear band shape fitting has been carried out. The peaks of monomer,
open dimer, mixed propanol-water dimer and those of higher H-bond clusters have been resolved and analyzed.
The attribution of certain FTIR peaks has been supported by proper density functional theory calculations. Ana-
lyzing dependences of the integral band intensities of various aggregates on temperature it has been deduced that
in the initial stage of clustering monomers and dimers are the basic building blocks forming higher H-bond clus-
ters. The peaks assigned to two conformers of monomers and mixed propanol-water dimers were investigated
processing the temperature dependences of their integral intensities in Arrhenius plot. The obtained values of
0.18 kJ~moI_1 for propanol monomer and 0.26 kJ-moI_1 for mixed dimer are well comparable with the energy
differences between the global minimum conformation of 1-propanol (Gt) and some other energetically higher

structures (Tt or Tg).

PACS: 36.40.Mr Spectroscopy and geometrical structure of clusters;

37.10.Pq Trapping of molecules;
78.30.—j Infrared and Raman spectra.

Keywords: FTIR spectra, propanol, argon matrix, clusters.

1. Introduction

Clusters, by definition, are aggregates of atoms/mole-
cules with more or less regular and arbitrarily scalable rep-
etition of basic building blocks. Their size is intermediate
between atoms/molecule and the bulk. The growing inter-
est to the clustering phenomena that produce partially or-
dered atomic or molecular structures is due to the recent
developments and challenges in nanotechnologies, smart
materials, heterogeneous systems, basic biochemical re-
search, etc. [1,2] Convergence towards the bulk with in-
creasing cluster size essentially depends on the nature of
the observable physical properties, binding energies and on
the resolution with which one looks at those. It is well-
known that the hydrogen bond (H-bond) occupies in the
scale of binding energies an intermediate place between

covalent and van der Waals interactions [3]. Therefore the
simplest alcohols, molecules of which associate into vari-
ous H-bond aggregates and even networks, can be consid-
ered as convenient models to investigate the cooperativity
effects and the changes in the structural organization and
conformations of molecular clusters sized over the nano-
and mezzo-scales.

The most significant results on this field have been ob-
tained using the vibrational spectroscopy (FTIR absorption
and Raman) together with trapping/isolation in various cryo-
genic matrices [4-14]. This is mainly because the spectral
acquisition carried out on isolated clusters at very low tem-
peratures causes the appearance of narrow peaks with min-
imal band overlapping. Hence, it provides the possibility to
study the spectral properties of individual clusters of dif-
ferent sizes and even various molecular conformers within
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those clusters [4,5,8]. Thus the studies of small H-bond
clusters of different size and conformations having the pos-
sibility to manipulate them and to resolve these effects in
spectra experimentally can provide extremely valuable in-
formation for further progress in this field.

Note that in the most part of works on alcohols in ma-
trices, droplets and jets the vibrational spectra were inves-
tigated at fixed temperatures. The variation of intensities of
the bands of H-bonded and non-bonded alcohols was ob-
served by changing the concentration of the investigated
molecules, or by changing the matrix type, annealing, irra-
diation etc., see e.g. Refs. 4, 5. The softening of the matrix
by precisely increasing temperature and thus producing
more wide paths (channels) to get alcohols molecules to-
gether can provide the effective tool to trace and to control
the processes of molecular clustering continuously up to
the bulk.

Continuing the studies on aggregation and relaxation
processes of matrix-isolated alcohol molecules [7,13,14]
the purpose of the present study was to analyze the FTIR
spectra of 1-propanol molecules trapped in an argon matrix
at continuously increasing temperature, viz., stepping by
1K, from T =11 K to 30 K, i.e., up to the onset of matrix
evaporation that starts at 31 K. In order to improve the
treatment of the experimental results the whole set of spec-
tral data obtained under these conditions is processed ap-
plying the principal component analysis (PCA) with the se-
quent nonlinear curve fitting procedure. It is expected to
obtain the novel set of data on the processes of molecular
clustering and diffusion in a very initial stage as well as
the conformational transitions at very low temperatures.

2. Experimental

Commercial 1-propanol was purified by standard meth-
ods [15]. The mixture of gaseous propanol and Ar (pre-
pared by standard manometric techniques) in approximation
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Fig. 1. Effect of drying of the sample using molecular sieves on
FTIR spectra of 1-propanol in an argon matrix in O-H stretching
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Fig. 2. Dynamic (difference) spectra obtained referring the meas-
ured 1D FTIR spectra to the “ground-state spectrum”, i.e., to the
spectrum at 11 K.

ratio 1:500 was deposited at 11 K and an average 4 mmol/h
flow for 1 h onto Csl window. A particular attention was
paid to the content of water in the sample. 1-propanol was
dried using molecular sieves. The effect of drying on FTIR
spectra was checked and shown in Fig. 1. Nevertheless
some amount of water has still survived that caused the
formation of mixed propanol-water dimers (see discussion
below).

FTIR absorption spectra were measured at different tem-
peratures from 11 K to 31 K by stepping AT = 1 K using
Bruker IFS 113 spectrometer equipped with liquid-N2-cool-
ed mercury cadmium telluride (MCT) detector at the reso-
lution of 1 cm * in the 500-5000 cm - region. In total 128
scans were averaged for each spectrum. Other details and
the spectra are presented in Ref. 14.

An additional smoothing of the dynamic (difference)
spectra (Fig. 2) during preprocessing procedures for PCA
and nonlinear curve fitting was performed using the Micro-
cal Origin 9 and Mathcad 15 packages [16,17].

3. DFT calculations

Geometry optimizations and harmonic vibrational fre-
guency analysis of the considered molecular systems were
performed at the density functional theory (DFT) level
using a B3LYP functional [18] along with the 6-31++G**
basis set [19]. We have considered only the so-called Gt
conformer of 1-propanol which was found to be the lowest
energy conformer at both DFT and coupled cluster levels
[4,8,20]. We did not consider any vibrational frequency
scaling. All computations were performed using Gaussian 09
program [21].

4. Results and discussion

In order to extract “hidden” information from complex
spectra several powerful and versatile mathematical treat-
ments of spectral data set have been developed. These
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treatments are based e.g. on 2D correlation analysis
(2DCOR) [22,23], mowing windows 2D concept (MW2D)
[24,25], factor (FA) and principal component analysis
(PCA) [26-29], etc.

The main idea applying any of these methods is to ana-
lyze a set of spectral data acquired under the influence of
an external perturbation [22,23]. An external perturbation
can be any reasonable measure of a physical quantity, such
as mechanical deformation, temperature or concentration.
And indeed, some significant “composition-induced” changes
in the FTIR spectra of 1-propanol in an Ar matrix are seen
when the concentration increases from 1/300 to 1/150 [5].
However, it is obvious that the continuous perturbation of
spectra using a “concentration” as the external variable is
hardly to be precisely realized in the matrix isolation ex-
periments. Therefore a “thermal” perturbation has been
chosen for the present study as more preferable.

In the present work in order to improve the earlier ap-
plied 2DCOR analysis of the conventional experimental
FTIR spectra of 1-propanol in an Ar matrix [14] the dy-
namic spectra were obtained and the whole set of data was
processed applying the PCA with the sequent nonlinear
curve fitting procedure.

The dynamic (difference) spectra DA(@,T) have been
obtained from the conventional FTIR spectra (1D spectra)
[14] referring those to the “ground-state spectrum”, i.e., to
the spectrum at the lowest temperature (11 K). The dynam-
ic spectra are shown in Fig. 2. In the present work the tem-
perature behavior of the integral intensities of the vC-H
bands (2800-3000 cm_l) was checked in addition. These
intensities remain practically unchanged over the whole
temperature range and thus indicate that the evaporation
of 1-propanol at the heating within 11-30 K is negligible.
It means that no additional renormalization of intensities in
the processing of dynamic spectra was necessary. However
several negative peaks appearing in the dynamic spectra at
3660, 3643, 3564, 3553 em™ that correspond to vO-H
band group of monomer and most probably mixed dimer
and also at some parts of vC—H band group. These nega-
tives peaks are caused by the decrease of monomeric and
dimeric species with increasing temperature (see discus-
sion below) and by the conformational transitions of 1-pro-
panol molecules [4].

The processing of experimental data using PCA was real-
ized in the following steps. The original spectra were base-
line corrected and slightly smoothed using the “ksmooth”
function, which applies a Gaussian kernel to create weight-
ed averages of the absorption values. This procedure is
implemented in Mathcad code [21]. The data matrix D
was composed by placing the dynamic spectra DA(wj, Tj),
i=1.n,j=1...minto mrows. The corresponding covari-
ance matrix was then obtained multiplying D by its trans-
pose D"

z=DD'. 1)

1386

This way of construction of Z is called the sample-
sample (SS) approach [28]. It differs from the variable-
variable (VV) approach (Z = DT-D), which is traditionally
used in 2DCOR [14,22,23] or when 2DCOR and PCA are
applied in tandem [29,30].

The dimension of the covariance matrix Z in the SS ap-
proach is mxm whereas it would be nxn if the VV ap-
proach applied. The values of m (the number of spectra re-
gistered at different external perturbations) and n (the num-
ber of points in the spectrum) usually vary m ~ 10—102,
n ~10°-10°%, Thus the data processing in the SS approach,
i.e., working with Z matrix of order of only hundreds ele-
ments, allows saving the computing resources very signifi-
cantly, particularly in the next steps of the treatment where
the loads vectors (pj) are obtained by solving

Z:pj = Aj:pj, )
where Jj is the eigenvalue associated with the eigenvector
p;j [31]. The scores vectors (tj) were then calculated as

-
tj=D pj. 3)

The overlapped spectral components are clearly re-
solved on the scores vectors for the first three principal
components tj, j = 1-3 (Fig. 3). The number of the statisti-
cally significant PCs was evaluated using the factor indica-
tor function, which reaches a minimum when the correct
number of factors (components) is employed [26,32]. It
was found that statistically significant can be first five PCs.
However, the scores for the fourth and fifth PCs looked
like a noise and therefore were not analyzed. The main
peaks resolved in tj are shown by block arrows in Fig. 3.
These maximum positions were further used as the zero-
order approach input data in the nonlinear curve fitting of
experimental FTIR spectra by a set of Lorentz functions.
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Fig. 3. (Color online) PCA processing of the dynamic FTIR spectra
of 1-propanol in Ar matrix in the temperature range of 12-30 K:
scores vectors for the first (41 = 91.006), second (42 = 0.293) and
third (43 = 0.095) PC.
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Fig. 4. Maximum positions of resolved O-H stretching bands
obtained using nonlinear band shape fitting of experimental FTIR
spectra by a set of Lorentz functions.

The revised values of maximum position in the whole stud-
ied temperature range are presented in Fig. 4.

The general trend in the assignment of the H-bond
bands (3000-3600 cm_l) in simple alcohols, most frequently
met in the literature, looks like — “the lower band frequen-
cy the higher aggregate”. In many cases this is confirmed
by proper quantum chemistry calculations [4,5,8,12]. Fol-
lowing this scheme, the sharp peaks of the highest fre-
quencies, i.e., at 3660 and 3643 cmt (Figs. 2-4), were
assigned to the O—H stretching vibration of monomer con-
formers. The band at 3521 cm * can be definitely attribut-
ed to an open dimer of 1-propanol [4,5,8].

A trickier situation is with the peaks at 3564 and
3553 cm ™. These bands are absent in many other works on
1-propanol studies [4,5,8]. We like to suppose that they
might be originated from the conformers of mixed propa-
nol-water dimers. Such structures can get into the matrix
due to not enough proper drying technique or other exper-
imental setup applied in the present work. However, these
peaks, being narrow and well resolved, can be also used
studying the conformational behavior of 1-propanol.

In order to check this assumption geometry optimiza-
tions and analysis of harmonic vibrational frequencies and
intensities of the considered molecular systems were per-
formed at the level of theory given above. The results are
presented in Fig. 5. It comes out that the peak between
those of monomer and open dimer (Fig. 5(c)) indeed can
be interpreted as the band of the mixed propanol-water
dimer with propanol as the hydrogen bond donor. In the
case of the mixed dimer with water as H-bond donor the
band of O-H stretching would appear at lower wave num-
bers than in the open dimer (Figs. 5(b), (d)).

The remaining bands between 3448-3264 cm™t (Fig. 4)
should be attributed to the higher 1-propanol clusters from
trimer to pentamer. Finally, the extremely broad feature at
ca 3178 cm ™+ can be assigned as a “pulp” — i.e., highly
disordered H-bond manifolds/polymers [5,14].

The intensities of all H-bond bands, expect those of mo-
nomer and dimer, increase with temperature. No negative
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Fig. 5. Calculated vibrational spectra of 1-propanol in O-H
stretching region for monomer (a), open dimer (b), mixed propa-
nol — water dimers with propanol as donor (c) and acceptor (d),
respectively.

DA peaks are seen in the dynamic spectra in the spectral
range of higher H-bond aggregates (Fig. 2). This means that
monomers and dimers are in the initial clustering stage
the main “building bricks”, and their diffusion sustains

Integral intensity, arb. units

2 C | | | | |
10 15 20 25 30
T, K

Fig. 6. Temperature dependences of integral intensities of mono-
mer: 3660 cm ~ (m), open dimer 3521 em (®) and trimer
3444 cm_l (A) bands. The onset of intensive monomer and di-
mer diffusion in the matrix is shown by block arrow.
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the formation of higher H-bond aggregates. This is rather
clearly pronounced on the dependencies of integral intensi-
ties of monomer and dimer bands on temperature (Fig. 6).
More intensive diffusion of monomers and dimers starts
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Fig. 7. Temperature dependences of the integral intensities of
monomer: 3660 cm (V), 3644 em ™t (A), open dimer bands:
3553 cm L (»), 3564 cm (V), the average value (1(3553) +
+1(3564))/2 (®) (b); Arrhenius plots to estimate the energy dif-
ferences between conformations ((a) and (c)).

at ~17 K. This can be due to the matrix softening by increas-
ing temperature, and thus the opening of wider channels
for molecular diffusion, leading to the increasing discharge
of “monomeric” (A1) and “dimeric” (Ap) states by elemen-
tary binding reactions A; + Ap—1 — Apand Az + Ap_p — Ap.
The irreversibility of kinetic processes in the matrices does
not let to refill these states (A1 and Ay) by thermal chemi-
cal equilibrium, as it is common for gases and liquid solu-
tions. Note that at ca 24 K the Ar matrix becomes spongy
enough that the dynamics of higher H-bond aggregates,
viz. trimers, would be enhanced also — the integral inten-
sity of trimer band starts to decrease at this temperature
(Fig. 6).

The energetic picture of 1-propanol conformers and
conformational transitions in the gas phase, jets and matri-
ces have been studied experimentally using FTIR, Raman
and Microwave (MW) spectroscopy techniques as well as
using high level calculations (see Refs. 4 and 8 and the re-
ferences cited therein). The authors noted that some exper-
imental energy differences between different conforma-
tions of 1-propanol can be smaller than those predicted by
high level quantum calculations. Nevertheless the Gt con-
formation was found to be the global minimum structure at
all used levels of theory (the nomenclature of conformers
used is the same as in Ref. 8).

The sharp peaks at 3660 and 3644 cm ™! as well as those
at 3564 and 3553 cm_l, observed in the present work and
assigned to the conformers of 1-propanol monomer and
mixed dimer with water, respectively, were investigated
more thoroughly. The dependences of their integral inten-
sities on temperature were converted and processed in Ar-
rhenius plot (Fig. 7). The obtained values of 0.18 kJ-mol™
for propanol monomer and 0.26 kJ-mol™* for mixed dimer
are well comparable with the energy differences between
the global minimum conformation of 1-propanol (Gt) and
some other energetically higher structures (Tt or Tg) eval-
uated by recent high level quantum chemical calculations
[4,8,20,33]. However, energy differences that are below
~1 kJ-mol* are challenging to theories. Therefore for more
rigorous conclusions the wave number differences of O-H
stretching bands between local minima and the global mi-
nimum conformation should be compared in addition to
the energy arguments. The experimentally observed wave-
number differences of —16 cm - (monomer peaks) and
~11cm™ (mixed dimer peaks) point to the Gt-Tg confor-
mational transition since in the case of Gt-Tt transition
much less values (-2 to -5 cm_l) are expected [8].

Conclusions

The dynamic FTIR spectra of 1-propanol in an argon
matrix have been studied using temperature as an external
perturbation from T = 11 K to 30 K stepping by 1 K. The
principal component analysis (PCA) has been carried out,
the main attention concentrating to 1-propanol O—H stretch-
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ing vibrations at 3000-3700 cm™™. The peaks of monomer,
open dimer, mixed propanol-water dimer as well as the H-
bond clusters from trimer to pentamer have been resolved
in the spectra.

Analyzing the dependences of the integral band intensi-
ties for various clusters on temperature it has been deduced
that in the initial clustering stage monomers and dimers are
the basic building blocks, the diffusion of which above ca
17 K sustains the formation of higher H-bond structures.
At ca 24 K the Ar matrix becomes spongy enough that the
diffusion of higher H-bond aggregates, viz. trimers, also
would be enhanced.

The peaks assigned to two conformers of monomer and
mixed propanol-water dimers with propanol as H-bond
donor were investigated by processing their temperature
dependences of integral intensities in Arrhenius plot. The
obtained values of 0.18 kJ-mol™ for monomer and 0.26
kJ-mol™* for mixed dimer are well comparable with the
energy differences between the global minimum confor-
mation (Gt) and some other energetically higher conform-
ers (most probably Tg).
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