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ABSTRACT: Naphthalene was deposited from the vapor phase on ice
surfaces at 77 or 253 K to yield strongly distinct behavior, forming either an
amorphous glass layer or submicrometer-sized crystals, respectively. The
results stand upon optical emission spectroscopy combined with diﬀerential
scanning calorimetry and X-ray analysis. The amorphous layer of naphthalene
on the ice behaves in the same manner as on an inert metallic support: it starts
to relax at 105 K and crystallizes at 185 K. The formed microcrystals exhibit
distinct absorption behavior on the ice surface and are thus expected to have a
photokinetic proﬁle varying from freeze-concentrated solutions. The
observations bring implications toward environmental and extraterrestrial ice
sciences.

■

halides,32 HNO3,33−35 NO2,36 alkanes,37 alcohols,20,38 Xe, Kr,
CF4,39 and other light gases.40 The environmental aspects of
the adsorption of gases on the ice surface were previously
excellently reviewed41,42 and remain a subject of active research.
However, studies of the adsorption of aromatic compounds on
ice are rather limited; for example, a few model aromatic
compounds (including benzene and toluene) were deposited
on nongrowing ice crystals at 253 K, leaving no impurities after
the deposition in/on the ice.43 Similarly, codeposition was
performed on growing ice crystals, with only some of the
studied compounds detected in the prepared sample.44
Benzene was found not to form multilayers on the ice
surface.45 The saturation surface coverage increased with rising
temperature as the thickness of the quasi-liquid layer aﬀects the
adsorption. Phenanthrene was adsorbed on natural snow and
proved to be deposited by adsorption onto the surface rather
than incorporated into the ice matrix.46 Later, the thermodynamic parameters for the adsorption on the quasi-liquid layer of
ice were found to be similar to those for the water surface.47
The adsorption of 1-methylnaphthalene at 238 K allowed
monomeric and excimeric emission at low coverages and higher
ﬁnal concentrations, respectively.48 The benzene vapor
deposited on the ice exhibited diﬀerent emission properties
compared to those of the frozen aqueous solution.49

INTRODUCTION
The physical and chemical processes taking place at the air−ice
interface have been studied extensively over the past decades.1,2
Frozen water, regardless of whether it assumes the form of a
snowpack or icebergs, airborne ice crystals, aerosols, or
interstellar and cometary ice,3 plays an important role in the
chemistry of volatile compounds present in these particular
environments. Our gradually growing understanding of
compounds’ speciation on/in ice is still rather limited,
especially as the location of impurities is determined not only
by the temperature of the given sample but also by its thermal
and formation history.4,5 Nevertheless, the immediate environment at the molecular level, denoted here as compounds’
speciation,6 must be crucial for the relevant (photo) reactivity,
which is the topic of an ongoing scientiﬁc eﬀort,7,8 and also
constitutes an issue of key importance for atmospheric
models.4,9 Selected examples of distinct speciation and
therefore distinct energy states can consist in solvated separated
molecules in ice or (frozen) solutions, molecules on ice
surfaces, aggregated molecules in these environments, and
crystallized molecules. A major speciation-related question that,
to the best of our knowledge, has not been addressed in the
literature thus far is how ice temperature aﬀects the crystallinity
of aromatic adsorbate layers.
The adsorption of various compounds on (and/or diﬀusion
through) ice was studied in a number of ﬁeld and laboratorybased experiments utilizing, for example, nitrogen,10 formaldehyde,11,12 acetaldehyde,12,13 acetic acid,14−20 acetone,21−23
acetonitrile,24 dichloromethane,25 HCl,26−31 other hydrogen
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Few computational simulations were performed for the
adsorption of aromatic molecules (benzene, naphthalene,
anthracene, and phenanthrene) to the ice surfaces.46,48−53 All
the research reports agree that the aromatic molecules would
preferentially arrange in parallel with the ice surface. Recently,
the adsorption of aromatic molecules on the ice surface with
gradually increasing coverage was studied by the grand
canonical Monte Carlo simulation at 200 K.50 At low surface
coverages, speciﬁc interactions between the ice and the
molecules prevail, forming relatively strong OH−π hydrogen
bonds with dangling OH bonds of the ice surface. At higher
surface coverages, however, the newly arriving aromatic
molecules could not bind with the ice surface that strongly;
instead, they interacted more with the other adsorbed
molecules via lateral interactions. Therefore, if there is enough
mobility allowed after the adsorption on the ice surface, the
molecules are likely to aggregate and form mixed aqueous
aromatic grains.
The speciation of the compounds in the environment
inﬂuences not only their reactivity but also further interactions.
The compounds present exhibit increased roughness as
compared to that of the pure ice surface; thus, they provide
more adsorption sites 54,55 or can better function as
crystallization nuclei.56 Adsorption on ice may also increase
the thickness of a disordered interface, such that it becomes
markedly more reactive. This situation is thought to occur in
polar stratospheric clouds to play a role in springtime ozone
depletion.30
Naphthalene is the simplest polycyclic aromatic hydrocarbon
and, as such, can be seen as a representative of this family of
pollutants important in natural environments.57−60 It is known
that polycyclic aromatic hydrocarbons are present in the
interstellar medium mostly in the gas phase; under certain
conditions, they condense on interstellar grains or incorporate
within interstellar ices.61 Furthermore, naphthalene was
recognized as a signiﬁcant factor in the formation of secondary
atmospheric aerosols,62 and it also constitutes a good
ﬂuorescent molecular probe with amply described spectroscopy.63−68 Naphthalene was applied to characterize various
chemical environments,69−71 including frozen aqueous solutions.48,52,72−74 Naphthalene belongs to volatile aromatic
compounds having a relatively high vapor pressure (11.4 Pa
at 298.49 K)75 and thus can be easily distributed to the surfaces
from the gas phase. It was also shown by the ﬂuorescence
emission spectra of naphthalene on a gold substrate that the
temperature of deposition has a major impact: vapor deposition
below 40 K forms amorphous naphthalene exhibiting excimeric
emission only, whereas deposition at 100 K allows both the
amorphous and the crystalline modiﬁcations.76
The purpose of this paper is to investigate, on naphthalene as
the model system,77 how the temperature of deposition from
the gas phase and the thermal history of water ice (Ih) inﬂuence
molecular speciation. We detail the conditions under which the
formation of microscopic crystals is the prevalent output of the
vapor deposition. To this end, we have studied the adsorption
of naphthalene at two distinct temperatures, namely, 77 and
253 K. These serve as model temperatures for ice surfaces in
astrophysical environments such as interstellar clouds or icy
moons and are also applied for earth-based ice surfaces, such as
a snowpack or tropospheric ice clouds.
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EXPERIMENTAL PART

The naphthalene (pure) was purchased from the Lachema
company. The artiﬁcial snow (ice spheres) for the vapor
deposition was prepared by spraying distilled or deionized
water into liquid nitrogen. The deposition of the naphthalene
vapor on the ice spheres’ surfaces was performed using a
dedicated apparatus (represented in Figure S1); the device
comprises a glass ﬁnger into which the snow layer can be
placed. The nitrogen gas carrying the naphthalene vapor enters
this ﬁnger through a chamber ﬁlled with naphthalene crystals
immobilized by cotton wool. The ﬁnger, together with the
whole vapor deposition apparatus, was precooled by a coolant
(liquid nitrogen or ethanol cooled down to 253 K). The
nitrogen carrier gas from the cylinder (4.0, SIAD Czech spol. s
r.o.) was also precooled by being forced to ﬂow through a
silicon hose immersed in the liquid nitrogen. All the
depositions were performed at atmospheric pressure and
proceeded for the indicated time. After this stage, a part of
the naphthalene-deposited ice spheres was removed from the
glass ﬁnger, homogenized (using a precooled spatula to ensure
representative sampling for the luminescence analysis), and
placed into a quartz cuvette precooled to 77 K; subsequently,
the ﬂuorescence was measured in a cryostat within the
indicated range of temperatures. In the deposition at 77 K,
the ﬂuorescence measurements started at 77 K, and the
temperature gradually increased, following the steps indicated
for each experiment. As regards the vapor deposition at 253 K,
the ﬁrst measurement was performed at 253 K, with the
temperature subjected to progressive reduction, as also
indicated for each particular experiment.
The ﬂuorescence measurements were carried out on an FLS
920 ﬂuorescence spectrometer (Edinburgh Instruments)
equipped with a 450 W Xe lamp, a PMT detector, and a
double grating monochromator. We used quartz cuvettes in an
Optistat DN2 cryostat (Edinburgh Instruments) conﬁgured via
the front face geometry to collect the light from the face on
which the excitation light was incident. The stability tests were
performed for up to 5 h, yielding no signiﬁcant spectral
appearance changes. The diﬀerential scanning calorimetry
(DSC) measurements employed a PerkinElmer DSC 8000
calorimeter, and the X-ray diﬀractograms were measured on a
Siemens D5000 diﬀractometer in the θ−θ geometry, using Cu
Kα1 radiation (λ = 1.54 Å).

■

RESULTS
Naphthalene vapor deposition on the ice spheres was
performed at two distinct temperatures, 77 and 253 K, resulting
in signiﬁcantly diﬀerent naphthalene ﬂuorescence emission
spectra.
Vapor Deposition at 77 K. The ﬂuorescence emission
spectrum of naphthalene prepared by deposition at 77 K for 30
min is shown in Figure 1. Two distinct spectral features were
observed, namely, the emission spectrum of the vibrationally
resolved naphthalene monomer spanning the range between
300 and 360 nm and a broad structureless band centered at 395
nm, as is typical of the excimer. The matching of all the
examined excitation spectra (shown are those recorded at λem =
370, 395, and 430 nm) with the absorption spectrum (not
presented) conﬁrms that both the emission bands originated
from the naphthalene and not from an impurity.52
The relative intensity of the 395 nm band decreases with
rising temperature (Figures 2, S2−S4), while the emission
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Figure 1. Fluorescence excitation (λem = 370 nm, orange; λem = 395
nm, black; λem = 430 nm, magenta) and emission spectra (λexc = 274
nm, green) of the naphthalene vapor deposited (for 30 min) on the ice
spheres at 77 K.

Figure 3. Diﬀerence spectra after the subtraction of the anthracene
ﬂuorescence at 200 K (black: 77−200 K; blue: 133−200 K; red: 253−
200 K). The original spectra and the subtraction procedure are
detailed in Figure S2.

(300−380 nm), with extra peaks at 385, 415, and 434 nm
caused by anthracene.

Figure 2. Temperature dependence of the ﬂuorescence emission
spectra (λexc = 274 nm) of the naphthalene vapor deposited at 77 K.
The measurement temperature: 77 Kblue; 100 Kgreen; 133 K
orange; 160 Kcyan; and 253 Kviolet. All the spectra were
normalized to 1 at λ = 300 nm.

Figure 4. Fluorescence emission spectra (λexc = 274 nm) of the
naphthalene vapor deposited at 253 K; the dependence on the
deposition time: 15 mingreen; 30 minblack; and 60 mincyan.

intensity of the monomer decreases for the temperatures of
between 77 and 160 K and increases upon further warming at
temperatures of 253 K and higher. The estimated relative
intensities of the observed emissions are shown in Figure S3.
The given results are highly reproducible. The ﬁgures visualize
the most representative spectra of the 18 repetitive experiments
we conducted.
Occasionally (in 4 out of the 18 samples), a vibrational
structure at 398, 402, and 431 nm was superimposed on the
broad excimer band (Figure S2), which, based on previous
experiments,72,78 we attribute to the sensitized emission from
anthracene impurity. In one of the experiments, the excimeric
emission was completely missing and was fully substituted with
that of anthracene (Figure S5). In cases where both the
anthracene monomer and the naphthalene excimer emissions
appeared, we mathematically subtracted the spectra at diﬀerent
temperatures to distinguish more clearly between the
monomeric and the excimeric emission signals of the
naphthalene (Figure 3).
Vapor Deposition at 253 K. The naphthalene vapor
deposition at 253 K was performed for the time durations of
between 15 and 60 min. The detected emission spectra always
show the vibrationally resolved signals in the region of 300−
380 nm and, in contrast to the vapor deposition at 77 K, never
display any signs of the broad excimer band (Figure 4). The
observed signals resemble those of the monomer emission

We assign the observed emission spectra of the naphthalene
vapor deposited at 253 K to the spectra of the naphthalene
crystals, based on the following observations and arguments:
the diﬀerence in the vapor-deposited spectra at 253 K with
consecutive time durations lies only in the decreased emission
intensity at the blue edge of the emission spectra (around 323
nm) (Figure 4) and can be well-described as the reabsorption
of the emitted light within the naphthalene crystals.
The amount of light reabsorption is directly proportional to
the crystal thickness.79,80 To ascertain the origin of the emission
reabsorption, the spectra of crystals of various thicknesses were
compared: those of the naphthalene vapor deposited at 253 K;
that of the naphthalene thin ﬁlm (made from the naphthalene
solution via evaporation of methanol); that of the powdered
naphthalene crystals (pulverized in a mortar); and that of the
coarse macroscopic crystals (Figure 5). The relative intensity of
the bands at the blue edge (from around 312 to 338 nm)
decreases within the spectra in the following order: the
naphthalene vapor deposited (253 K), the naphthalene thin
ﬁlm, the powdered naphthalene crystals, and the macroscopic
naphthalene crystals. The most pronounced reabsorption
occurs in the case of the coarse naphthalene crystals of
millimetric thickness. All the above-mentioned spectra are very
similar in the wavelength range of 335−500 nm. Therefore, it
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Figure 5. Fluorescence emission spectra (λexc = 274 nm) of the
naphthalene: the vapor-deposited sample at 253 K (253 K, green); the
thin crystalline ﬁlm (298 K, pink); the powdered naphthalene crystals
(253 K, black); and the macroscopic crystals (253 K, purple).

can be concluded that the vapor deposition at this temperature
(253 K) most probably causes the crystals’ formation.
The ice samples with the naphthalene vapor deposited at
both the above temperatures were analyzed by DSC and X-ray
spectroscopy.
Diﬀerential Scanning Calorimetry. After the vapor
deposition, we placed a part of the ice spheres into a sample
pan and measured their diﬀerential scanning calorigram at
temperatures between 93 K (−180 °C) and 363 K (90 °C)
(Figure 6), with the heating rate of 30 K min−1. For the

Figure 7. X-ray diﬀractograms of the naphthalene vapor deposited at
77 K (dark blue) and 253 K (cyan), both measured at 80 K.

X-ray. The X-ray diﬀractograms are not very sensitive to the
surface layer of the naphthalene. All that can be seen in Figure 7
(and Figures S6 and S7) are the Bragg peaks originating from
the ice Ih. Almost no diﬀerence is discernible between the two
samples; however, the Bragg peaks for the samples deposited at
77 K are notably broader than those found after the vapor
deposition at 253 K. This observation can be explained in two
ways: either by the sintering of the ice crystals at 253 K,
forming ice crystals of a slightly smaller size, or, more likely, by
the amorphous layer of naphthalene at 77 K. The interaction
with the amorphous layer might distort the ice surface,
especially if the naphthalene molecules cluster in domains.
This eﬀect of a nonuniform surface layer causing the
distribution of the lattice constants is minimized after the
naphthalene crystallization, that is, the formation of a more
uniform ice layer (Figure S7).

Figure 6. DSC measurements of the naphthalene deposited at 253 K
(red) and 77 K (black), both measured between 93 K (−180 °C) and
363 K (90 °C). The subset depicts the devitriﬁcation at 185 K (−88
°C) for the naphthalene deposited at 77 K.

■

DISCUSSION
The ﬂuorescence emission spectra of the naphthalene vapor
deposited on the ice spheres at 77 K (Figure 1) show
characteristics of the naphthalene amorphous structure, namely,
the monomer emission and that of the excimer with the
maximum at 395 nm, comparable to those on inert surfaces,
such as gold76 or glass.69 Such an excimeric emission is typical
of not only the amorphous arrangement as conﬁrmed by the IR
spectra81 but also nonaqueous concentrated solutions;82−85 it
diﬀers from the excimeric emission found in silica glasses,70
Na−Y zeolites,86 or frozen aqueous solutions,52,72 which
possess emission maxima at lower wavelengths (375 nm)
strongly overlapping with the monomer emission (see Figure
S8). The 375 nm excimer was assigned to the emission from
the “second excimer” formed from the ground-state dimer,
based on kinetic analysis.70 The observed excimeric emission
also contrasts the purely monomeric signal found in the
codeposited water−naphthalene ice prepared at 15 K.68 We can

naphthalene deposited at 77 K, we assigned the exothermic
peak at 185 K (−88 °C, marked with an arrow on the black
calorigram) to the devitriﬁcation of the amorphous naphthalene. The peak is not very sharp, and its asymmetry indicates
that the process exhibits slow transformation kinetics. The
crystallization heat associated with this peak results from the
transformation of the initially amorphous deposit to a
polycrystalline one. The endothermic peaks in the temperature
range of between 243 K (−30 °C) and 273 K (0 °C) can be
related to the desorption and/or sublimation of the
naphthalene crystals from the ice. The massive endotherm at
0 °C indicates the melting of the ice itself. For the naphthalene
deposited at 253 K, no signiﬁcant heat change was observed
below 253 K (−30 °C). The small endotherms above this
temperature indicate again the desorption or sublimation of the
naphthalene.
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otherwise, it can be ascribed to the volume decrease often
observed during warming vapor deposited amorphous
structures.90 This dependence was previously observed for
amorphous naphthalene on gold surfaces: the approximately
equal ﬂuorescence intensities of the monomer and the excimer
were observed at 40 K, whereas the excimer ﬂuorescence signal
prevailed at 100 K.76 At higher temperatures, the emission of
the excimer was displaced by that of the crystals, corresponding
to the crystallization peak at 185 K (−88 °C) on the DSC
thermogram and Nakayama’s interpretation of his observations.76,81 Temperature-induced changes above 190 K do not
allow the excimeric emission anymore, even after recooling
down to 77 K, indicating the irreversibility of the crystallization
(Figure S10). We were surprised not to observe changes of the
emission characteristics only after the sample had crystallized at
185 K (value deduced from the DSC). Rather, the excimers’
intensity kept decreasing at temperatures above 100 K at the
expense of the monomeric signal. The observation is in full
accordance with those of the amorphous naphthalene deposited
on gold, as measured by the ﬂuorescence76 and Raman
spectroscopies,81 where the ﬁrst signs of naphthalene crystals
appeared at 105 K, although full relaxation was achieved only at
190 K during gradual warming. The similarity of our
observation to that made on gold suggests that the ice acts as
an inert surface and does not inﬂuence the naphthalene on the
surface at temperatures below 200 K.
Previously, the formation of an amorphous H2O/HX (X =
Cl−, Br−, I−) adlayer was observed when hydrogen halide gases
had been adsorbed to the ice surface at 200 K.32 Interestingly,
their adsorption at 110 K allowed only disproportionation
reactions on the ice surface, without any sign of amorphous
arrangements. Here, we demonstrate for the ﬁrst time, to the
best of our knowledge, that aromatic compounds at 77 K can
assemble on the ice surface to form an amorphous material
which is possibly technologically utilizable as such materials
exhibit some desirable properties, including low β relaxation
dynamics.90,91
The X-ray measurements of the ice with the deposited
naphthalene did not reveal any signals of naphthalene crystals.
Only the Bragg peaks of the Ih ice for the naphthalene
deposited at 77 K were found to be broadened compared to
those of the pure ice or the naphthalene deposited at 253 K.
The variation in the peaks’ half-width suggests that the
naphthalene might be clustered in amorphous domains
distributed on the ice surface. It is expectable that the
naphthalene would preferentially deposit on the morphologically protruding parts of the ice. These locations were observed
to be more resistant to sublimation than the concave
regions.92,93 The signals of the ice in the X-ray diﬀractograms
become narrower after the temperature has been raised as the
crystallization of the amorphous layer of the naphthalene allows
the underlying ice to relax.
The ﬂuorescence spectroscopy measurements have demonstrated that the naphthalene vapor deposited at 253 K does not
show any signal besides that of the naphthalene monomer or
anthracene. Even with the shortest examined duration of the
naphthalene deposition, no sign of excimer emission was
observed (Figures 4, S8, and S11). The successive monomeric
and excimeric signals could be expected if a critical
concentration of the naphthalene on the surface were needed
before the crystal formation occurs. The results coincide with
the previous observations of the instant appearance of
anthracene signals during the deposition of impure naphthalene

infer from these comparisons that the naphthalene deposition
rate in our experimental arrangement is faster than that of water
from the sublimating ice,87 thus facilitating the formation of the
naphthalene amorphous glass layer on the ice surface rather
than an adlayer mixed with water, in which the excimer
formation would not be expected. As the crystalline
naphthalene is very diﬃcult to purify from traces of anthracene,
its presence was noticed in some of our samples (Figures S2, 4,
and S5) and then advantageously employed to gather additional
information about the ice impurities. The energy transfer from
the naphthalene to the locations of the excimeric naphthalene
and to the anthracene constitutes two possibly competing
pathways: the ﬁrst process is temperature-dependent, whereas
the second one seems to be temperature-independent. The
temperature independence of the energy transfer to the
anthracene can be inferred from Figure 3, where the subtraction
of the spectra at 200 Kin which case the energy transfer to
the anthracene prevailedshows naphthalene spectra very
similar to those with no anthracene emission. Both the cases of
observed luminescence provide clear information about the
arrangement on the ice surface: the molecules must be
aggregated closely enough within the domain where the energy
transfer is possible. The excitation spectra (shown only in one
case) conﬁrm that in any condition applied herein, the
absorption characteristics of the naphthalene do not red-shift
compared to the aqueous solution spectra, as also observed for
frozen solutions.48,49,52 However, the polar organic molecules
with functional groups may be markedly more sensitive to the
solvatochromic inﬂuence of the ice surface88 or aggregation.89
Importantly, in this context, the unaltered excitation spectra
detected at multiple wavelengths (Figure 1) also provide an
argument for unbiased evaluation of the relative intensity of the
monomeric and excimeric species in the emission spectra at
various temperatures.
Figure 2 shows the evolution of the temperature dependence
of the ﬂuorescence emission spectra for the ice spheres with the
naphthalene deposited at 77 K. The ﬁrst fact to be noticed, in
sharp contrast with the emission observed from the macroscopic crystals (Figure 5), is the absence of self-absorption at
the blue edge of the emission spectra. This conﬁrms the
conclusions related to the amorphous nature of the layer
formed, where the statistical distribution of the molecular
orientation can be expected: some molecules exhibit monomeric emission, whereas others display the excimeric form. The
emitted light is not absorbed noticeably; we cannot conclude
whether this is due to the small thickness of the layer or its
porosity and reﬂective properties. The self-absorption does not
appear even with increasing temperature, indicating the
formation of very thin crystalline structures. The conﬁrmation
of this fact originates also from the close resemblance of these
spectra to those of the thin crystals, as detailed in Figure S9. In
view of these facts, it is then possible to propose that the
absence of self-absorption allows us to compare the relative
intensities of the monomer and excimer emission ratio. Upon
warming, the ﬂuorescence emission spectra of the naphthalene
deposited on the ice spheres at 77 K evolve in the following
manner: at temperatures below 100 K, the monomeric emission
diminishes at the expense of the excimeric one. With further
warming, the excimeric signal decreases to full extinction at
around 200 K. Given this temperature range, the monomeric
signal gradually increases, as indicated in Figure 2. The relative
increase of the excimeric emission below 100 K is most likely
due to the thermally activated energy transfer to the excimer;
11949
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temperature is only one of the many factors inﬂuencing the
compounds’ speciation: the sample’s thermal history is shown
to be markedly more important. If vapor deposition on ice
occurs at temperatures below 77 K (e.g., in the extraterrestrial
space), an amorphous layer can be expected. At relatively high
temperatures of atmospheric relevance, the presence of the
submicrometer-sized crystals of the pollutants should be
considered when their vapor is deposited on the ice surface.
The low atmospheric concentrations can be compensated by
long deposition exposures. The speciation was found not to
depend on the absolute concentration of the naphthalene
deposited on the ice sample. The naphthalene molecules
applied in this study are to be considered a model for other
compounds, and the behavior of such other compounds should
be examined at desired concentrations. At the same time, as the
described proclivity toward crystallization after the vapor
deposition is so contrasting to the behavior after the freezing
of the solution, the option of crystal formation should be
generally considered also for other molecules. The demonstrated diﬀerences in the compound speciation on the ice
surface should be taken into consideration when evaluating
(photo)chemical reactivity under particular laboratory and,
above all, natural conditions.103−106

from the vapor phase at similar temperatures and also agree
with the suggested interpretation of aggregate formation.73,94
Thus, the behavior observed by us is independent of the
amount of naphthalene deposited, and, as crystals are invariably
detected at 253 K, the surface coverages cannot be deﬁned in
such instances. The energy transfer to the anthracene is
enhanced by this method of preparation; the luminescence of
the original naphthalene crystals exhibits less of the characteristic anthracene emission peaks above 380 nm. The vapor
deposition at 253 K apparently rendered the energy transfer
more eﬃcient in the new arrangement compared to the original
crystals. This fact, as well as the increased self-absorption
during the prolonged deposition and the similarity of the
emission spectra to those of the crystals (Figure 5), embodies a
strong indication of the formation of submicrometric crystals
on the ice surface. The conclusion is also in accordance with
the observed lack of concentration dependence for the apparent
rate of photodegradation.73 The photoreactivity of the
naphthalene crystals could be expected to be approximately
constant, regardless of their size. Unfortunately, no X-ray signal
of the naphthalene crystals was observed (Figure 7), which can
be explained by the crystals’ size being below roughly hundreds
of nanometers, based on neutron scattering arguments.95 The
crystal formation during the vapor deposition at this temperature can be caused by the high mobility on the disordered ice
interface, allowing the molecules to translate and aggregate.96,97
This conclusion constitutes a sound experimental proof of
recent theoretical Monte Carlo simulations, which predicted
strong lateral interactions among the aromatic molecules’ vapor
deposited on the ice surface at 200 K.98 The naphthalene
surface mobility also agrees with the observed activity of water
toward the reactions at comparable temperatures.99 Further,
our ﬁndings conﬁrm those on ice nanoclusters, where pickedup molecules were found not to aggregate at temperatures
approximated to be around 100 K.100 As the timescale of our
experiments reaches hours, we can conclude that the initial
molecular arrangement on the ice surface remains undisturbed
for at least hundreds of minutes if the temperature is controlled.
The compound transport through the vapor phase can take
place over long distances at the macroscopic scale of the earth
or the interstellar space but also microscopically inside frozen
ice samples. For example, if a sample freezes, the volatile
impurities can concentrate in the vicinity of the air bubbles,101
where their high vapor pressure can cause resublimation and
deposition in the crystalline state, as snow and ice undergo
substantial metamorphism at temperatures around 255 K
because of the concentration and temperature gradients and
ﬂuxes.102 Therefore, the change of the compound speciation
during the ice metamorphosis must be accounted for and
possibly included in relevant environmental models.
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CONCLUSIONS
This experimental work brings arguments on the strong
inﬂuence of sample preparation and temperature upon the
molecular speciation on ice surfaces. Naphthalene, as a model
for aromatic organic pollutants, was found to form an
amorphous phase or submicrometric crystals under conditions
of atmospheric vapor deposition at 77 or 253 K, respectively.
Both of these speciations are distinct from the frozen
naphthalene solutions where ground-state interactions (second
excimers) dominate over others.52 The results have a strong
implication for the understanding of impurities in the
environment as they clearly exemplify that the actual sample
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Gladich, I.; Roeselová, M.; Heger, D.; Klán, P. Spectroscopic
Properties of Benzene at the Air−Ice Interface: A Combined
Experimental−Computational Approach. J. Phys. Chem. A 2014, 118,
7535−7547.
(50) Mészár, Z. E.; Hantal, G.; Picaud, S.; Jedlovszky, P. Adsorption
of Aromatic Hydrocarbon Molecules at the Surface of Ice, As Seen by
Grand Canonical Monte Carlo Simulation. J. Phys. Chem. C 2013, 117,
6719−6729.
(51) Liyana-Arachchi, T. P.; Valsaraj, K. T.; Hung, F. R. Adsorption
of Naphthalene and Ozone on Atmospheric Air/Ice Interfaces Coated
with Surfactants: A Molecular Simulation Study. J. Phys. Chem. A 2012,
116, 2519−2528.
(52) Krausko, J.; Malongwe, J. K. E.; Bičanová, G.; Klán, P.;
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