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Ice Particles'
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Band structures in the region of strong infrared absorption bands for diffepg€rt RCO, and*?CO,—13CO,
composite particles are investigated by combining quantum mechanical exciton calculations with systematic
experimental investigations. The ice particles are generated by collisional cooling and characterized with
rapid—scan infrared spectroscopy. The size of the particles lies betwd®nand 100 nm. The calculated
spectra show excellent agreement with the experimental data. This work leads to a detailed understanding on
a molecular level of shape effects in pure and statistically mixed particles as well as of the characteristic
features observed for corshell particles.

1. Introduction different sizes, the interpretation of the various features observed

o . had been the subject of controversial discussions. The main

Cold weakly bound molecular aggregates with SIze€S ranging e 550n for that was the lack of a molecular model that is able
from less than nanometers up to microns play an important roIeto predict infrared spectra of GQaggregates with enough

in various atmospheric processes and in astrophysics as comy o racy and that is applicable over the whole size range from
ponents of interstellar dus€ In both fields the knowledge of ¢, oligomers up to micron sized particles

the spectroscopic properties of these ice particles is of central . ) .
P pIC prop P For large particles with diameters above about 10 nm

interest. For molecular compounds infrared spectroscopy is - i N
particularly well suited since it provides a broad range of (~10000 molgcules) c_IassmaI scattering thébmn in principle
information about particle properties. It is of great interest to be u_sed to_3|mulate m_frar_ed spectra. T.h's method, howeyer,
understand the influence of intrinsic particle properties, such requires as input refractlye |ndex.data, .Wh'Fh have to be obtained
as size, shape, and surface area, on band shapes in infrareHom independent experimental investigations. The correspond-
spectra’ WhiCh, can exhibit very ’characteristic featdras Ing data are often not accurate enough to interpret details found
Although nowadays an increasing amount of experimental data'” infrared spectra unamblguou_sly. For many multlcompone_nt
is available for ice particles of different composition, the systems such data_are not _av_a|lab_le at all. I\/I_oreover,_ clas_,s!cal
interpretation of the observed spectral signatures is often ratherS(f:"J‘[t_]te“nbg theo(;y %IVES no |ns_|ght Into tEe émcr_oscop_m orlglnd
speculative. A detailed understanding is only possible by of the °| seTve P enomena,ll.er.], 'c;'t%t € omll_nagt mtelr- agn
combining systematic experimental investigations with detailed 'f!”amO ecuiar |nteract|ons.2 tz ad been realized early Dy
different research group%1920-27that similar to the situation

modeling based on molecular propertt€81517.1922 This is ) ; . ; e
demonstrated in the present contribution for the example of N the solid CQ bulk® resonant dipole coupling (vibrational

N,O—CO, and 12CO,—13CO, composite particles exciton coupling) between the different molecules in ;,CO

. aggregates could be one of the main interactions that determines
To generate large molecular aggregates, expansion teCh_the band structures of the antisymmetric stretchivipration
nique$§11:142337 or cooling cell§®7.10.153847 with various y :

. . . I - . .. On the basis of this assumption exciton calculations had been
designs are typically used, often in combination with in situ

infrared spectroscopy. Pure and composite carbon dioxide iCeperformed but only for small particles which contained less than

. : - . 2000 molecules. The comparison with experimental spectra was
particles are among the experimentally best investigated par-

ticulate systems using these techniques and infrared spec-nOt really satisfactory.

troscopy?5-7:13,14,16,18,27,40,42,46:480 Here | special attention has To clarify this point we have recently compared vibrational
been given to the characteristic band shapes of the antisymmetricxciton calculations with quantum chemical calculations and
stretching-vibration of CQ and its dependence on experimental extended the exciton approach t? treat large partlcles consisting
conditions (pressure, temperature, concentration, time evolution,Of many thousands of molecul€s™! The comparison of exciton
influence of mixing with other substances). Although a large simulations with standard quantum chemical calculations for

body of experimental data exists for @@ggregates with very  large CQ clusters clearly shows that resonant dipole coupling
is indeed by far the most important contribution to the band
t Part of the special issue “dgen Troe Festschrift” shapes of strong infrared a_tbsorptic?hi;:.urthermore, we have
* Corresponding author fax: (604)822-2847; e-mail: signorell@ demonstrated that calculations for small particles (diameter
chem.ubc.ca. Current address: Department of Chemistry, University of 5 nm) are completely inadequate to interpret spectral features
CB:[Clltr:sar(lj‘;Zolumbla, 2036 Main Mall, Vancouver, British Columbia V6T 121,  qpserved for large particles (diameterLO nm)5 These results
* Universita Gattingen. clearly hint that the above-mentioned discrepancies between

8 University of British Columbia. calculations and experimental data arose not from deficiencies
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in the model but from the fact that experimental data for large sumes that the coupling between the oscillating dipoles of the
particles were compared with calculations for small particles. individual molecules in a particle is the dominant contribution
It is thus not surprising that our recent investigations in this to the infrared spectra. This is a good approximation if the
field, which invariably combine systematic experimental studies corresponding molecular transition dipoles are strong (transition
with exciton calculations in the appropriate size range, have dipoles> 0.1-0.2 D) and the next nearest neighbour molecules
produced a more consistent picture for many features observedn the particles are separated by small distances: (5—7 A).

in infrared spectra of pure and composite Q@articles. For Both conditions are fulfilled for the vibrational bands and
example, we could show that the temporal evolution and substances considered here. The corresponding vibrational
pressure dependence observed in collisional cooling cells for Hamiltonian has the form

CO; particles with sizes above 10 nm is consistent with a change A .

in the particles’ shap®1516 Somewhat simplified we can H=Hy,+ Hp

summarize now that with increasing time after the particle

formation and with decreasing bath gas pressure the particles . 1 30y Ty Ty — (P Ty
change from globular to more elongated shapes. For the example Hp= z - Ui 5 1)
of statistically mixed?CO,—13CO;!® and CQ—NH3!® particles g 4re F

we could solve the puzzle why such shape effects are less A
prominent for mixed particles. And very recently the exciton whereHo is the sum over the vibrational Hamiltonians of the
model has helped us to elucidate some of the characteristicuncoupled molecules in a particlelp includes all pairwise
features observed in the infrared spectra of smal Eticles?® dipole—dipole interactions between the molecules in the ag-

The present contribution is devoted to the detailed theoretical gregateT; is the distance between the centers of mass of the
and experimental investigation of band shapes observed in themolecules labeledandj, andyz is the dipole moment operator.
infrared spectra of different J0—2CO, and 2CO,—13CO, Up to first order terms in the vibrational coordinates, the model
composite particles with sizes above 10 nm. This comprises contains only two parameters: The transition wavenumber of
the study of shape effects in pure and statistically mixed particlesthe uncoupled moleculéy and the transition dipole moment
and the explanation of infrared signatures observed for-core of the uncoupled moleculéx = [0]«|10 Both quantities can
shell particle$%5354In both examplest?CO; is mixed with a be extracted from gas-phase measurements. The diagonalization
second component that also exhibits strong dipole coupling. We of H leads to the vibrational eigenfunctions (exciton statas)
will show that the dipole coupling between the two different and the vibrational eigenvalués of the particles. From these
components can still have a distinct influence on the infrared quantities we have calculated infrared spectra and for spherical
spectra although the interaction is no more resonant in this caseparticles radial probability density distributions of the exciton

. ) statesp(7n, r) (see section 4). The latter have been calculated

2. Experiment and Modeling as

The ice particles have been generated in our collisional
cooling cells and spectroscopically investigated in situ in the ~ _ 2 o
aerosol phase with rapid scan Fourier transform infrared P 1) j; -/;5 [x(r, 0, 9)I"Sin(6)dOdg 2)
spectroscopy. The main experimental setup has already been i
described in detail previoushy#5465354 detailed description ~ WNherer, 6, and¢ are the polar coordinates.
of our twin chamber cell will be deferred to a forthcoming .
contribution. Briefly, in cooling cells the particles are formed 3. N,O—*2CO, Particles
by injecting a warm dilute sample gas into a cold bath gas which ~ This section deals with different J—CO, composite
leads to supersaturation and thus to particle formation. For the particles® In the first subsection, we discuss the influence of
present contributions, we have used as bath gas helium (Messethe degree of mixing on shape effects in infrared spectra for
99.999%) at liquid nitrogen temperatur@p{i=78 K) and statistically mixed particles. The second part is devoted to the
pressures between 200 and 1000 mbar. The sample gas (typicallgxplanation of band shapes in infrared spectra of composite
200-1000 ppm in helium; total pressure 66R000 mbar) has  particles with a coreshell structure. In the mid-infrared region,
been introduced into the cells with the help of magnetic valves the shape of the strong absorption bands of G@tisymmetric
as single pulses. For the statistically mixed particles, we have stretching-vibration »3 around 2363 cm! and bending
used premixed samples and a single pulse of about 2000 msvibration », around 669 cm!) and NO particles (N-N
duration. For the coreshell particles we have used our two- stretching-vibration »3 around 2247 cmt and N-O stretch-
gas-pulse inlet which has been described in detail in ref 53. An ing—vibration»; around 1296 cmt) are dominated byesonant
analogous design has recently been described in ref 50. Thetransition dipole-transition dipole coupling (exciton coupling)
two different sample gases are introduced into the cell through between the molecules. Here, we focus onutfieands, but the
two spatially separated inlet tubes which are connected to two same features are also observed for theand thev; band.
different magnetic valves. Coreshell particles are generated Dipole coupling also acts between the two different substances
when the opening times of the two valves are shifted in time in composite particles, but in this case the interaction is no longer
(typically 500 ms). The size of the particles investigated here resonant. In general it therefore has only a minor or even
lies between~10 and 100 nm (see refs 16 and 4%CO, negligible influence on the infrared spectra compared with the
(99.5%) and NO (99.5%) have been purchased from AGA Gas interaction between molecules of the same substance. The CO
GmbH and Gerling Holz and Co., respectively. TREO, gas and NO particles considered here are crystalline and have very
was prepared in our laboratory from sodium carbonate (Aldrich, similar crystal structure®¥ Thus we assume that for the
999% 13C) and sulfuric acid. composite particles differences due to the slightly different

Here we use the quantum mechanical exciton approach tocrystal structures are negligible. The size of the particles lies
calculate infrared spectra in the region of strong absorption between~10 and 100 nm. This has been estimated from dilution
bands. For further details of this model we refer to our previous experiments combined with scattering calculations in analogy
contributions and references theré#®1-55 This approach as-  to the procedures described in refs 15 and 16. Note that in this
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Figure 2. Calculated infrared spectra of statistically mixegON-CO;,
VAN t, t, ice particles. All calculations were performed with the exciton approach.
L L B T 1 'O | Panels ata3 and btb3 show the simulations corresponding to the
_ same panels of Figure 1. The calculated spectra for the two different
ab) 0% b5) 100% timest; andt; only differ in the ratio of globular and elongated particles.
t, t, This ratio amounts to 2:1 and 2:6 &t and tp, respectively. The
t t simulations confirm an evolution from predominantly globular to
— ‘l — — i elongated particle shapes with time.
2300 N 235.‘0 2400 2200 ~224(_J1 2280 Elongated particles could be produced by agglomeration of
_ .""cm ) ""‘:_m_ _ globular primary particles or by evaporation of small primary
Figure 1. Experimental infrared spectra of statistically mixegON- particles and subsequent dendritic growth of larger primary

CQO; ice particles Thar=78 K). The composition of the mixture is ; . ;
indicated in each panel. Panels—al5: Region of the antisymmetric particles. The fact that we find the same behavior for thO N

stretching-vibration v of CO,. Panels bt+h5: Region of the N-N (panel bS) and for the CO(panel al) band clearly supports:
stretching-vibration z; of NO. tz: Spectra recorded directly after the ~ OUr previous conclusion that resonant dipole coupling is the main
particle formationt,: Spectra recorded 99 s after the particle formation. reason for the shape sensitivity of the band structures. Both
vibrational transitions have strong molecular transition dipoles
size region the band structure and the relative band intensities(0#=0.32 and 0.25 D for C@and NO, respectivel§’59, and
are almost completely independent from the particle8®e the next nearest neighbour molecules within the particles are
so that all nontrivial size effects are negligible in this size range. separated by short distanceg ¢ 5 A) (see eq 1 and refs 21
This property makes such systems particularly well suited for and 55).

the study of shape effects and of the influence of coating. The shape sensitivity of the absorption bands should decrease
3.1. Shape EffectsFigure 1 shows shape effects in the for statistically mixed particles compared with pure particles if
infrared spectra of various pure and statistically mixe®N resonant transition dipole coupling is the dominant interaction.

CO; ice particles. The region of the band of CQ is depicted In analogy to our previous results for statistically mixédO,—

in panels at-a5. Panels b1b5 illustrated the evolution of the ~ **CO; particled® we expect that with increasing dilution the

vz band of NO for the same particles. As indicated in the figure, absorption bands become single broad unstructured bands which
the mole fraction of C@decreases, and the mole fraction of at higher dilution £ 50%) are no longer sensitive to the particles’
N,O increases continually from top to bottom. Panel a1 shows shape. The reason is that in mixed particles the distange (
the characteristic temporal evolution observed for pure, CO between the same type of molecules increases so that the effect
particles. The spectrum in the lower trace of panel al was Of resonant transition dipole coupling is reduced (see eq 1). This
measured directlyt{ = 0 s) after the particle formation, and IS exactly what we observe for the statistically mixegON-

the spectrum in the upper trace was recorded 99 &) later. CO;, particles in Figure 1 in panels aa4 and b4b2: The
Immediately after the particle formation the spectrum consists more dilute one component is, the less structured is its absorption
of a single strong band and two weak shoulders on both sides.band. At higher dilutionsX50%) the bands are indeed virtually
With increasing time, the intensities of the two shoulders independent from the shape of the particles, i.e., there is no
continually increase compared with the central peak. Exactly difference between the two spectra measured at ttiresdt,.

the same temporal behavior is also observed fowfand of The experimental trends described above are fully confirmed
pure NO particles (panel b5) as well as for thgand thev; by exciton calculations for pure and statistically mixed particles.
band (not shown here) of GGand NO, respectively. In a  As an example, Figure 2 shows the corresponding simulations
previous contributioA? we have shown with the help of exciton ~ for panels at-a3 and b1-b3 of Figure 1. For these simulations
calculations that the temporal evoluation of the infrared bands We have used the following values for the transition wave-
can be explained consistently by a temporal change of thenumbers?y and the transition dipole momentiu of the
particles shape: With increasing time the particles evolve from uncoupled molecules (see eq 1 and refs 13, 55, 57, and 58):
globular shapes, which are characterized by the central peak, . 1, 1 12

to more elongated particles, which cause the two shoulders on m("CO,) =2355cm” and 0u(*CO,) =0.32D
both sides. We still do not have a conclusive answer as to the ~ 1

mechanism behind the formation of the different particle shapes. Um(N,0) =2242cm™ and ou(N,0)=0.25D (3)
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All model particles have the cubic crystal structures of the Calculation Experiment
bulk at 78 K% and consist of-14 000 moleculesd~ 10 nm). Shell:
From about 10 to 100 nm the band shapes in infrared spectra a1) 50% CO, a2)

-0.8

are to a good approximation size-independent (refs 15 and 16; - _Core:

electrostatic approximatié#. We have tested the convergence okl i -

of our calculated spectra with respect to size by systematically i o \ 0.4
increasing the number of molecules per particle. The model \./

particles considered here are thus a reliable representation of Il “co,

the experimentally generated particles whose sizes are estimated e = - =00

to lie in this range. As noted above, we have interpreted the

temporal evolution observed in the spectra in terms of a change 2 |b1) 53;“20 b2)r 18

of the particle shape: At short timets)(predominantly globular 5 | .
particles are observed, whereas at longer tim@gHe portion g L 12 g
of elongated particles increases more and more. For the ‘é &
simulations the globular particles are represented by a sphere € g6 2
and the elongated particles by two rectangular parallelepipeds £

with axes ratios of 3:1:1 and 6:1:1, respectively. For all 8 "'co, 6

calculations, the ratio of globular to elongated particles has been T L e T

set to be 2:1 at tim& and 2:6 at time,. The portion of the : 1
. . . . . Core: c2)

two different parallelepipeds is equal. The important metric here - 0% CO, 16

1)
7

is not the exact shape, but the fact that the spectrum of globular A
particles (central peak in the spectra in panel al) can be - '
distinguished clearly from the spectrum of elongated particles O - 0.8
(two shoulders around the central peak). For the elongated - Shel: “ I

30% N,O -0.4

13002
il I

c

particles we have used two different axes ratios to illustrate that

0.0

even a change in its value by a factor of 2 does not wipe out g — =
the differences between globular and elongated particles in the 2240 2320 2400 2240 2320 2400
case of pure particlé$. The comparison of Figures 1 and 2 viem' Viem™

finally shows that the dependence of spectra on the particle Figure 3. Panels atcl: Vibrational exciton calculations for different
shape (time evolution) and on the degree of mixing are indeed N.O—CQO, core—shell particles with spherical shapes. The structure
nicely reproduced by the calculations. This clearly demonstratesagd %OmPOSitiog_ of the pa_ftide? ils_infdicaged in ﬂ;:e figl;fge-KPa[;_?]*S a2
H H H H : CZ: orresponding experimental intfrared spec . e
exciton coupling to be the dominant interaction. Note that our 7 peaksparise f?om &e ol abun dancgﬁoz%iﬁ%) inzchZ.
aim is not to reproduce all details of the experimental spectra
but to explain the general trends by as simple a model as
possible. Of course, a perfect agreement could easily be achieve
for instance by mixing many particle shapes. This, however,
would only improve the aesthetics of the presentation and not
our understanding of the general trend.

3.2. Core-Shell Particleslf exciton coupling is the dominant
interaction it should also explain the infrared spectra of other
composite particles, for instance of particles with a ecieell
architecture. That this is indeed the case is illustrated for
different NNO—CO, core-shell particles by Figure 3. We

(iions in panels atcl demonstrate that detailed information on
uch core-shell particles can be extracted from infrared spectra.

The corresponding experimental spectra are depicted in panels
a2—c2. The experimental conditions have been chosen so as to
form predominantly globular particles as described in the
previous section and in refs 13 and 16. To generate the—core
shell particles we have used our twgas—pulse inlet described
in more detail in section 2 and ref 53. For the present
measurements, the time delay between the first pulse, which
- : generates the cores, and the second pulse, which coats them,
concgntrate here on spherical p.artlcles.. The advantage Ofamounted to about 500 ms. Figure 3 shows a good agreement
spherical particles is thature spherical particles only show & = panyeen calculated and experimental spectra. All essential
single absorption band in contrast to other particles shapes whichg 41y res described above for the calculations are indeed observed
lead to more complex band shapes (see previous subsection), the experimental spectra. The small deviations of the
For the examples of spheres, the effect of coating can thus bégyperimental data from the ideal behavior of spherical €ore
elucidated very clearly. shell particles can be traced back to two main reasons: (1) The

Calculated infrared spectra for different ceghell particles  fact that not all particles generated have an ideal spherical shape
are depicted in panels atl in Figure 3. All three examples  explains why the bands, in particular of the cores, still show
show that the spectrum of the core consists of a single band assome fine structure in the experimental spectra. (2) The
is the case for pure spheres. The shells essentially lead to twoseparation of the two bands of the shells is less clear in the
different absorption bands similar to what is found for thin experimental spectra. This hints to the fact that the second pulse
layers?° The intensity ratios and the exact band shapes of the not only coats the core particles but also leads to a very small
shell spectra, however, depend on the relative absorptionamount of pure particles. These pure particles absorb exactly
frequencies of the two substances (panels al and bl) and théetween the two bands of the shell. Points (1) and (2) also
portion of the shell (panels b1 and c1). The dependence on theexplain the slight deviations observed for the relative absorb-
relative absorption frequencies may be somewhat surprising. Itances of different bands between experiment and simulation.
can be traced back toronresonantoupling effect between  The results in Figure 3 nicely demonstrate that it is possible to
shell and core. Both phenomena are discussed and explainedjenerate ice nanoparticles of a certain architecture in the lab,
further in the following section for the example 8€0,—13CO, and in particular it elucidates that their spectra can be perfectly
particles for which exactly the same effects occur. The calcula- predicted and understood in terms of molecular interactions.
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13002 50% 260 50% of the cores consist of a single band, whereas the shells lead to
2 two different absorption bands. The high-frequency band of the
shell is labeled A in the spectra in ref 50. The lefsequency
band of the shell was not labeled there probably because it is
difficult to distinguish from the R-bands in these spectra. For
clarity, we label them L in the following. Note that other features
in the spectra in ref 50, as for instance the R and B peaks, arise
from shape effects in accordance with the temporal evolution
as explained above in section 3.1. An interesting point is that
in the experimental spectra, the A:L peak intensity ratio for the
12CO,/*3CO, core—shell particles is higher than for tHéCO,/
12C0O, core—shell particles. We have observed the same behavior
in section 3.2 for MO—CO, core—shell particles. Figure 4
shows the exciton calculations for sphericdCO,—13CO,
composite particles with a 1:1 ratio of the two isotopomers.
The parameters used fdPCO, are given in eq 3. The
corresponding values fdfCO, are taken from ref 13 to be

absorbance / arb. units

u(°CO,) =2284cm® and ou(**C0O,)=0.30D (4)

Here we consider only spherical particles because all important
features observed for corshell particles are already contained
in these spectra. The middle panel in Figure 4 depicts the
2250 2280 2310 2340 2340 2370 2400 spectrum of statistically mixed particles for which both iso-
topomers exhibit a single band in accordance with the experi-

. . . mental spectra. The two different cershell particles (traces a
Figure 4. Calculated infrared spectra 6fCO,—'3CO, composite . : .
pe?rticles in the region of the antigymmetric Efretchi?vz@)ratiopns of in the top and bottom panel of Fl'gulre 4) Iead.to a single peak
13C0, (left-hand side) and?CO; (right-hand side). The ratio of the for the core and to two characteristic _absorptlon bands for t_he
two isotopomers amounts to 1:1 for all spectra. Upper pati€O, shell as noted above for the eXperlmental spectra. In nice
shell with2CQ; core. Middle panel: Statistically mixed particles. Lower agreement with the experimental spectra, the relative intensity
panel: 12CO; shell with **CO; core. Traces b in the upper and lower  of the A-peak is higher for th&2CO,/13CO, particles (trace a
panels show the spectra of shells which do not couple to the core. jn the top panel of Figure 4) than for tA&CO,/22CO, particles
. (trace a in the bottom panel). As already mentioned in section
4.72CO,~*CO, Particles 3.2 this behavior can be explained byanresonantoupling
The same behavior as described in the previous section forbetween shell and core. For shells which do not couple to the
N,O—CO;, particles has also been found f&CO,—13CO, core one gets the spectra which are depicted in traces b of the
composite particles. In a previous publicatiSnywe have top and the bottom panel in Figure 4. The intensity distributions
investigated shape effects in infrared spectra of pure andbetween the two shell bands clearly differ from those of shells
statistically mixed2C0,—13CQO, particles and verified the  which couple to the cores (traces a). This illustrates that although
observed features by exciton calculations. Since transition dipole nonresonant the coupling of the shell to the core is not negligible
coupling is the dominant interaction in these systems as well, in this specific case.
it is not surprising that the same features have been found in  The lower panels of Figures& give an impression of how
the infrared spectra as described in section 3.1 for statistically the radial probability density distributions of exciton states for
mixed NbO—CO; ice particles2CO,—13CO, core-shell par- different spherical particles behave (see eq 2). The upper panels
ticles have been measured previolsSi§? but up to now their again show the corresponding infrared spectra. Figure 5
interpretation in terms of a microscopic model had been missing. elucidates that a pure G@phere has a single absorption band

~ -1 ~ A
v/cm v/cm

The main goal of the present section is to fill this gap. (upper panel) and in particular that the exciton states are
Recently, Bauereck&rhas published detailed spectra in the delocalized over the whole particle (lower panel). This de-
region of the antisymmetric stretchingibrations for'2CO,— localization explains the distinct shape and size dependence of

13CO, core-shell particles and statistically mixed particles with  exciton states. The results for a pure sphere are consistent with
a 1:1 ratio of the two isotopomers. To explain the main features the corresponding results from classical scattering th&lry.
observed in these spectra we start here with calculations fora classical picture, the normal mode which leads to the single
such 1:1 particles (see Figure 4). The main spectral signaturesabsorption band in Figure 5 is called the' Fioh mode. There
observed experimentally for these particles have been sum-is no radial variation of the radial component of the electric
marized in Figure 3 of ref 50. They are essentially the same asfield for this mode. It is thus called the mode of uniform
observed for the pPOD—CO, particles in the previous section polarization. Our exciton calculations obviously reproduce the
(see Figure 1 panels a3 and b3 and Figure 3 panels a and b)classical limit. But in contrast to the classical approach, the
For statistically mixed particles both isotopomers exhibit more exciton approach does not rely on input data such as refractive
or less a single band as we have previously shown both index data, and in particular it provides a microscopic explana-
experimentally and by exciton calculations in ref 13. In the tion of the observed phenomena. Furthermore, the quantum

spectra of the 1:32CO,/*3CO;, core—shell and the 1:13CO,/ mechanical approach can also be used for even smaller
12CO, core—shell particles in ref 50 shape effects were not particled®>*°where classical scattering theory is no more valid.
completely eliminated, but the general features of eateell Figure 6 illustrates what happens with the probability density

particle spectra are still evidently the same as described inin 12CO,/13CO, core—shell particles. The delocalization is now
section 3.2 (see Figure 3) fon,®—CO, particles: The spectra  confined to two different regions: the shell and the core. The
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Figure 5. Upper panel: Calculated infrared spectrum of a pé@O,
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panel: Radial probability density distribution of the exciton states (see

eq 2).
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Figure 6. Upper panel: Calculated infrared spectrum &@0,/*3CO;,
core-shell particle in the region of the antisymmetric stretching
vibrations (see also upper panel in Figure 4). The ratio of the two
isotopomers amounts to 1:1. Lower panel: Radial probability density

distribution of the exciton states (see eq 2).
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Figure 7. Upper panel: Calculated infrared spectrum of a statistically
mixed 2C0O,—13CO, particle in the region of the antisymmetric
stretching-vibrations (see also middle panel in Figure 4). The ratio of
the two isotopomers amounts to 1:1. Lower panel: Radial probability
density distribution of the exciton states (see eq 2).

tions of the two isotopomers. This is illustrated in Figure 7.
Compared with a pure particle (Figure 5) the total probability
density is, however, distributed between the two bands.

The spectral signatures of cershell particles also depend
strongly on the ratio of core and shell. This is illustrated by
exciton calculations in Figure 8 for spherical particles WO,
cores and®CO; shells. The spectrum of the shell (left-hand
side) changes characteristically with the shell thickness. If the
shell is much thinner than a unit cell, i.e., if in fact the shell
molecules cover the core only sparsely, the shell spectrum
consists of a single absorption band near the frequency of the
isolated molecules (trace a in Figure 8). For shell thicknesses
in the region of one to several unit cells (traces, the spectra
resemble those of thin layers with essentially two baiidhe
spectrum of a pure particle is again found as soon as the shell
becomes very thick compared with the core (trace €). The spectra
of the core (right-hand side of the figure) are nearly independent
of the thickness of the shell. If the core itself is not too small
(r > 2—3 nm; traces &d), then its spectrum consists of a single
band as found for pure spheres without coating. Compared with
pure particles, only the position shifts slightly for thicker shells.
For very small coresr (< 2—3 nm) the spectrum becomes more
complex as described in ref 15. This is a size effect which in
the case of coreshell particles is somewhat modified compared
with pure particles by the presence of the shell.

Typical experimental spectra for corehell particles with
portions of the shell of more than 10% have already been shown

reason for this confinement comes from the fact that the resonantin section 3.2. For completeness, we thus only show here two
coupling only acts within these two regions. Consistent with experimental spectra for corshell particles with only sparsely

this, for statistically mixed2CO,—13CQO, particles one finds

covered cores<{2%) in Figure &3 Only the absorption bands

again a delocalization over the whole particle for both absorp- for the shells are depicted in the figure. Trace a in Figure 9
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Figure 8. Calculated spectra fdfCO,/*3CO;, core—shell particles with
different composition. From trace a to trace e the portion of the shell
increases systematically. The overall size of the sphere is held fixed
for all five cases.

0.03 5
a)
i *
_ 0.02
= 13,
= 4 /002
8 001 -
0.00 -
e TR S FTITTT e rey PR e
2250 2280 2310 2340
0.03 b)
12
1 CO
= 0.02 - iy
D? -
2 0.01 4
0.00 -
T T T T T T 1
2310 2340 2370 2400
Yiem®

Figure 9. Trace a: Experimental infrared spectrum®€0,/**CO,
core-shell particles in the region where the shéfiGO,) absorbs
(Thar=78 K). Trace b: Experimental infrared spectrum of methanol/
12C0O; core-shell particles in the region where the sh&C(0,) absorbs
(Thar=78 K). In both cases, the cores are only sparsely covered with

shell molecules. The percentage of shell molecules amounted to less

than 2%.
contains the spectrum of the shell BCO,/*3CO, core—shell
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in trace b of Figure 9 this is fulfilled. The exact position and
band shape depend on the intermolecular interactions between
12C0O, and methanol and shall not be further discussed here.
The12CO,/13CO; particles in trace a, however, obviously show
two bands and not a single absorption in the region wHé&é,
absorbs: a sharp absorption at lower frequencies, which is
labeled with an asterisk, and a very broad band at higher
frequencies. The low-frequency band does not arise from the
13CO, molecules in the shell. This sharp absorption comes from
the natural abundance 8ICO, (~1%) in thel?CO, core. It is

thus not astonishing that this band is also found for paC®©,
particles. Our simulations show that tH€O, molecules in the
shell absorb blue shifted compared with €0, molecules

in the 2CO, cores so that it seems plausible that the broad
absorption is due to shell molecules. The comparison with the
calculations, however, reveals that the experimentally observed
band is much too broad to be explained only by absorptions
from shell molecules. As we have already mentioned in section
3.2, the second pulse leads also to the formation of pure particles
and does not only cover the core particles. Therefore, we believe
that the broad band in trace a is a superposition360;
molecules in the shell and puféCO, particles. This is also
confirmed by our calculations which predicts that the p&@&O,
particles absorb blue shifted by severaléncompared with

the 13CO, molecules in the shell.

5. Summary

The present investigation demonstrates that infrared spectra
of weakly bound molecular ice particles with sizes between 10
and 100 nm contain detailed information about the shape, the
mixing effects, and the architecture of the particles. We have
shown that collisional cooling techniques allow us to generate
different kinds of particles with various particle shapes and
architectures such as coershell particles. The preparation of
the particles and the in situ characterization with infrared
spectroscopy, however, is only a first step toward a reliable
understanding of the various features observed in the spectra.
To go beyond the often only speculative interpretations of
particle spectra it is indispensable to compare the experimental
data with appropriate model calculations. As demonstrated in
this contribution, such calculations have to be based on
molecular properties (quantum mechanical models) and have
to be performed for the correct particle size range. Continuum
models are often not accurate enough, and simulations for the
wrong size range lead to wrong interpretations.

Together with our previous investigatiofs!516:49.53.54he
present results lead to a comprehensive understanding of shape
effects and the influence of mixing on them for various pure
and statistically mixed ice particles containing®y CO,, NHg,

SO, Sk, and different isotopomers. The band structure of the
strong mid-infrared bands of these particles invariably exhibits
the same dependence on the particles’ shape and on the mixing
ratio. As outlined in this study, such a common behavior is also
found for the spectral features of cershell particles of these
substances. Our exciton model reveals that these general trends
arise from the transition dipole-transition dipole coupling which
acts between all molecules in a particle. In summary, these
examples show that intrinsic particle properties can lead to
general spectroscopic features and that these spectral signatures
can be understood on a molecular level even for particles
containing many thousands of molecules.

particles, and trace b shows the spectral structure of methanol/

12C0O, core-shell particles. According to trace a in Figure 8
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