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The dynamic FTIR spectra of propanol in the argon matrix have
been measured using a thermal perturbation by heating the sample
from T = 11 K to 30 K stepping by 1 K. The 2D Fourier-transform
infrared (FTIR) absorption correlation analysis has been carried
out, the main attention being concentrated to the region of propanol
O—H stretching vibrations at 3000–3700 cm−1 . The peaks of
monomers, two conformers of open dimer, and the cyclic structures from a dimer to a pentamer have been resolved and studied
in more details. Analyzing the dependences of the integral band
intensities of various aggregates on the temperature, it has been
deduced that monomers and dimers act in the initial clustering
stage as the main “building units” whose diffusion sustains the formation of the higher H-bond structures in the matrix. The full
width at half height (FWHH) for each band has been processed
as a function of the aggregation number (n). It is found that
the FHWW is a perfectly linear function of n for all cyclic aggregates n ≥ 2. The resonance broadening has been proposed to
be the most reliable mechanism for the formation of diffuse O—H
stretching bands in the matrix isolated clusters.

1. Introduction
The growing interest in the clustering phenomena that
produce partially ordered atomic or molecular structures is due to the recent developments and challenges
in studies on modern multifunctional materials, heterogeneous systems, nanotechnologies, basic biochemical research, etc. [1–3].The simplest alcohols, whose molecules
tend to associate into hydrogen bond networks and to
form a broad variety of H-bond aggregates, can be considered as ones of most convenient models to investigate the fine structural changes, cooperativity effects,
photoinduced- and other processes in molecular systems
sized over the mezoscopic scale. The most significant
results have been obtained using the vibrational spectroscopy (FTIR absorption and Raman ones) together
with various trapping/isolation techniques, e.g., in solid
matrices, droplets, jets, etc. [4–12]. This is mainly because the isolation and the spectral acquisition at very
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low temperatures determine the appearance of narrow
signals with minimal overlaps of the spectral bands.
Hence, it provides the possibility to study the properties
of individual clusters of different sizes. However, some
H-bond bands are much broader having the FWHH of
the order of ∼ 102 cm−1 even under these conditions.
The mechanisms of formation of the diffuse band and its
structure are very complex [13–16], still looking to be
rather far from being a definitely solved problem.
Therefore, the purpose of the present study was to obtain the FTIR spectra of propanol molecules trapped in
the Ar matrix at the continuously increasing temperature stepping by 1 K, from T = 11 K to 30 K, i.e., up to
the onset of the matrix evaporation at 31 K. The whole
set of spectral data obtained in this way is then used
to construct the so-called dynamic spectra and to process them applying the 2D correlation analysis [17–19].
It is expected that the obtained results will provide a
valuable additional information on: (i) the processes of
molecular clustering at the very initial stage; and (ii) the
mechanisms of broadening of νO—H absorption bands of
the H-bonded aggregates.

2. Experimental
The infrared spectra of propanol trapped in the Ar
matrix were registered at the Laboratory of Fouriertransform infrared (FTIR) spectroscopy at the Vilnius
University. The gas mixture was prepared by standard manometric techniques. The mixture of gaseous
propanol and Ar in approx. ratio 1:500 was deposited
at 11 K at an average 4 mmol/h flow for 1 h onto a CsI
window. FTIR absorption spectra were measured at different temperatures from 11 K to 31 K with a 1-K step
using a Bruker IFS 113 spectrometer equipped with a
liquid-N2 -cooled mercury cadmium telluride (MCT) detector at a resolution of 1 cm−1 in the region 500–5000
cm−1 . In total, 128 scans were averaged for each spec-
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Fig. 1. FTIR spectra of propanol in the argon matrix in O–H
stretching region over the temperature range 11–30 K (from bottom to upper, by stepping ΔT = 1 K). The very upper spectrum
(the onset of matrix evaporation at 31 K), shown by the dot line,
was excluded from further consideration

trum. An additional smoothing of spectra during the 2D
correlation analysis was performed (see details below).
3. Results and Discussion
The dynamic spectra for the 2D correlation analysis are
constructed using the spectral intensity variation upon
an external perturbation such as a mechanical deformation, temperature, or concentration [17–19]. Very significant “composition-induced” changes in the FTIR spectra
of propanol in the Ar matrix indeed are observed at various (from 1/300 to 1/150) matrix ratios [4]. However,
it is obvious that the continuous perturbation of spectra using the “concentration” as the external variable is
hardly to be precisely realized in the matrix isolation experiments. Therefore, a “thermal” perturbation has been
chosen in the present work as more preferable.
The FTIR spectra (raw spectra or spectrum vectors)
Ij (ω) = I(ω, Tj ), j = 1, .., m of propanol in the argon
matrix have been measured by heating the sample from
T = 11 K to 30 K, till the argon matrix starts to evaporate at 31 K, with 1 K step. Above 45–50 K, the matrix
evaporates extremely intensively, and the very diffuse
νO–H band typical of the condensed state of neat alcohol is formed [14]. The main attention was given to
the region of propanol O–H stretching vibrations at the
range 3000–3700 cm−1 (Fig. 1).
The dynamic spectrum is formally defined [18, 19] as

I(ω, t)−I0 (ω), −ΔT /2 ≤ t ≤ ΔT /2 ,
Id (ω, t) =
(1)
0, otherwise ,
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Fig. 2. 2D synchronous FTIR correlation spectrum of propanol in
the argon matrix in the νO–H region

where I0 (ω) is called as the reference spectrum. Its selection is somehow arbitrary. In most cases, I0 (ω) is set
to be
1
I0 (ω) =
ΔT

ΔT
Z /2

I(ω, t)dt,

(2)

−ΔT /2

i.e., the mean of spectrum vectors averaged over the
whole range of external perturbation (ΔT ). However,
if one has a series of experiments with stable baseline, or
the baseline is well defined, the choice of the reference
does not crucially influence the results of 2D correlation
analysis [20]. Therefore in the present work, the original
spectra were baseline-corrected, and then the zero absorbance was used as the reference spectrum [19]. The
νC–H bands were found to remain practically unchanged
over the whole temperature range. This indicates that
the evaporation of propanol at such rather “soft” heating
(11–30 K) is negligible, and thus no additional renormalization of intensities was necessary. Only the additional
smoothing of spectra was performed with the Mathcad
software package using the “ksmooth” function, which
applies a Gaussian kernel to create weighted averages of
the absorption values.
The synchronous 2D correlation spectrum (Fig. 2) was
obtained by the inner product of two spectrum vectors
m

Φ(ω1 , ω2 ) =

1 X
Idj (ω1 )Idj (ω2 ),
m − 1 j=1

(3)
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Fig. 3. 2D asynchronous FTIR correlation spectrum of propanol
in the argon matrix in the νO–H region

while the asynchronous correlation spectrum (Fig. 3)
was calculated by a cross product of the spectrum vector
and its Hilbert transform Hdj [18]:
m

Ψ(ω1 , ω2 ) =

1 X
Idj (ω1 )Hdj (ω2 ).
m − 1 j=1

(4)

The presence of diagonal- and cross peaks in the 2D
correlation maps together with the sign of their intensities allows one to evaluate the number of overlapped
“monochromatic” signals, as well as their approximate
positions in spectra [17]. The interpretation of the 2D
maps (Figs. 2 and 3) was based on the Noda’s rules
[17–19].
The general trend in the assignment of the alcohols Hbond bands (3000 – 3600 cm−1 ) most frequently found
in the literature looks like an aggregation followed by a
red shift of spectral bands. Roughly speaking, the higher
the aggregation, the lower the band frequency. It seems
that it has no alternative at the present state of art. It
is also no sense to make efforts getting into the origin
of all relatively weak bands while even the origin of the
strongest bands in this region is not always unambiguous
in the literature.
Hence, the main peaks, resolved and further studied in
more details, are: 3660(± 0.1) and 3643(1) cm−1 (both
of monomers); 3564(0.1) and 3553(0.1) cm−1 (two conformers (?) of an open dimer); 3521(3), 3444(3), 3376(5)
ISSN 2071-0194. Ukr. J. Phys. 2011. Vol. 56, No. 8

Fig. 4. Non-linear curve fitting of the νO–H spectral contour by
Lorentz functions (T = 27 K, as an example). The maximum positions obtained from the cross peaks in the 2D correlation analysis
were used as the zero-order approach for the fitting parameters

and 3264(4) cm−1 (cyclic structures from a dimer to a
pentamer, respectively). The most red-shifted band, following this scheme, should be attributed to the propanol
clusters of the highest order. Namely, the extremely
broad feature at ca 3178 ± 4 cm−1 hidden under the
envelope of other H-bond bands can be attributed to
some ‘pulp’ – i.e. highly disordered H-bond manifolds.
It is practically not detectable in the synchronous spectrum (Fig. 2); however, it can be easily traced in the
asynchronous one (Fig. 3). The presence of maybe the
same band at ca 3200 cm−1 was noted in [4], and it
was assigned to higher polymers. On the other hand,
the fact that the band maximum positions vary from
± 0.1 to ± 5 cm−1 (the values given in the brackets
above), when the temperature increases from 11 to 30
K, indicates that these spectral components are not truly
“monochromatic”. Some other much more subtle effects
within the aggregates may cause the observed drift of
the band maximum with temperature. This also can be
one of the factors reasoning the doubing of some cross
peaks in the 2D maps (Figs. 2 and 3), i.e. the peaks are
not perfectly defined. The above-mentioned maximum
positions were further used as the zero-order approach in
the non-linear curve fitting by Lorentz functions (Fig. 4).
The most perfectly defined cross peaks appear in
the asynchronous spectrum between the signals of
monomers, open dimers, and those assigned to higher
aggregates (Fig. 3). It can be concluded that monomers
and dimers in the initial clustering stage are the main
“building units”, whose diffusion sustains the formation
of higher H-bond aggregates. This process is rather
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Fig. 5. Temperature dependences of the integral intensities of the
monomer and H-bond aggregate bands: ◦ – the band at 3178
cm−1 , i.e. the “pulp” or highly disordered higher associates; • –
3264 (pentamer); 4 – 3376 (tetramer); ∇ – 3444 (trimer);  - 3521
(cyclic dimer); ⊕ – 3660 cm−1 (monomer) and ? – the average
value (I(3553) + I(3564))/2, i.e. the open dimer band

clearly pronounced on the slopes of the temperature dependences of the integral intensities of the corresponding
bands (Fig. 5). Namely, the slopes of In vs. T are negative for the monomer and dimer bands, whereas they
are positive for higher aggregates.
The matrix softening with increase in the temperature and, thus, the opening of more channels for molecular diffusion lead to the increasing discharge of the
“monomeric” (A1 ) and “dimeric” (A2 ) states by the elementary reactions A1 + An−1 → An and A2 + An−2 →
An . Irreversibility of kinetic processes in the matrices
does not let to refill these states (monomers and dimers)
by thermal chemical equilibrium, as it is common for
the gases and the liquid solutions. It is notable that,
in the case of the argon matrix, it seems that the Ar
matrix is not enough spongy for the active diffusion of
higher (n ≥ 3) H-bond aggregates in the temperature
range (T ≤ 30K). Thus, these higher aggregates behave
during the clustering in the Ar matrix as rather passive
“targets” linking mobile monomers and dimers, which hit
in the same matrix cavity. The observed tendency – the
higher the aggregation number (n), the steeper the increase of the intensities (In ) of the corresponding bands
with the temperature (Fig. 5) – may be caused by the entropic (combinatorial) factor, i.e. more possible ways to
compose the n-meric structure (∼ n!). Moreover, the
increase of the individual absorption coefficients of An
aggregates due to the H-bonding can give an additional
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Fig. 6. On the resonance broadening mechanism: the correlation
between propanol aggregation numbers and the FWHH of the νO–
H bands of corresponding H-bond aggregates

contribution to the observed steepening of In = f (T )
(Fig. 5).
As was already mentioned in Introduction, elucidating the mechanisms of the broadening of H-bond bands
seems to be far from a definitely solved problem. On that
score, the most valuable results could be obtained by analyzing the dependences of the band widths (FWHH) of
the propanol H-bond aggregates in the Ar matrix on the
temperature (Fig. 6). The earlier proposed concept that
the νO–H band widths of alcohol aggregates in matrices are mainly determined by the vibrational dephasing
due to the H-bond breaking processes [14] should be revised in the light of these novel observations presented
in Figs.5 and 6 and discussed just above. Namely, due to
very low temperatures and the irreversibility of kinetic
processes, the H-bond aggregates are kept tight in matrix cavities. It is obvious that, under these conditions,
the time constants of H-bond breaking and reformation
must be much higher that those (viz., hundreds of fm, up
to several ps) evaluated from the ultrafast spectrometric experiments on alcohols in CCl4 solutions at ambient
temperatures [15, 16].
Another νO–H band broadening concept, which is
based on the FWHH data presented in Fig. 6, can be proposed. First of all – the FHWWs (all, except the band at
3178 cm−1 , assigned to the disordered H-bond manifolds,
excluded from further consideration) are temperatureindependent. Hence, the width of these bands cannot
be determined by the vibrational dephasing due to the
H-bond breaking, because the last is a strongly temperature depending process. Furthermore, the FHWW values for each band were statistically averaged over the
ISSN 2071-0194. Ukr. J. Phys. 2011. Vol. 56, No. 8
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whole temperature range (11–30 K, Fig. 6) and then
processed as functions of the aggregation number (n)
by the linear regression analysis. It was found that the
FHWW is perfectly linear function of n for all cyclic aggregates n ≥ 2. This is a well-defined feature of the
resonance broadening. The resonance interactions were
analyzed in the frame of the simple quantum oscillator
model [21], and it was deduced that their contribution
to the width of a spectral band depends linearly, indeed,
on the number of oscillators per unit volume. In the
present case of propanol clustering in the Ar matrix, this
would mean the proportionality to the number of identical O–H oscillators per cluster, i.e. the aggregation
number.
4. Conclusions
1. The dynamic FTIR spectra of propanol isolated in
the solid argon matrix have been measured using the
temperature as an external perturbation. The samples
were heated from T = 11 K to 30 K stepping by 1 K.
The 2D FTIR absorption correlation analysis has been
carried out, the main attention being concentrated to
the spectral region of propanol O–H stretching vibrations at 3000–3700 cm−1 . The bands of a monomer, two
conformers of an open dimer, as well as the cyclic structures from a dimer to a pentamer, have been resolved
and studied in more details.
2. Analyzing the temperature dependences of the integral band intensities of various aggregates, it has been
deduced that, at the initial clustering stage, monomers
and dimers are the main “building bricks,” whose diffusion sustains the formation of higher H-bond structures.
The Ar matrix at temperatures T ≤ 30 K is not spongy
enough for the active diffusion of higher (n ≥ 3) H-bond
aggregates.
3. The full width at half height (FWHH) values for each
band have been processed as functions of the aggregation number (n), and it is found that the FHWW is a
perfectly linear function of n for all cyclic aggregates
n ≥ 2. The novel νO–H band broadening concept – the
resonance broadening that is more reliable than that of
vibrational dephasing due to the H-bond breaking processes, has been proposed.
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КЛАСТЕРИЗАЦIЯ ПРОПАНОЛУ В АРГОНОВIЙ
МАТРИЦI: 2D КОРЕЛЯЦIЙНА
FTIR-СПЕКТРОСКОПIЯ
В. Балявiчус, В. Шаблiнскас, I. Дорошенко, В. Погорелов
Резюме
Зареєстровано динамiчнi фур’є-спектри iнфрачервоного поглинання пропанолу в аргоновiй матрицi при нагрiваннi зразка
вiд T = 11 K до T = 30 К iз кроком 1 К. Проведено 2D
кореляцiйний аналiз фур’є-спектрiв iнфрачервоного поглинан-
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ня, головну увагу придiлено областi валентних коливань O–H
групи (3000–3700 cм−1 ). Видiлено i докладно розглянуто максимуми поглинання, що вiдповiдають мономерам, двом конформерам лiнiйних димерiв, а також циклiчним структурам
вiд димера до пентамера. Шляхом аналiзу температурної залежностi iнтегральних iнтенсивностей смуг, що вiдповiдають
рiзним утворенням, було виявлено, що на початковому етапi
кластеризацiї основними “цеглинками” є мономери i димери,
у результатi дифузiї яких у матрицi утворюються Н-зв’язанi
кластери вищих порядкiв. Побудовано залежнiсть значення
повної ширини на половинi висоти (FWHH) для кожної смуги вiд розмiру кластера (n) i показано, що FHWW виявляється iдеальною лiнiйною функцiєю вiд n для всiх циклiчних
кластерiв n ≥ 2. У ролi найбiльш iмовiрного механiзму формування дифузiйних смуг O–H коливань кластерiв пропанолу,
що iзольованi у матрицi, було запропоновано резонансне уширення.

ISSN 2071-0194. Ukr. J. Phys. 2011. Vol. 56, No. 8

