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A new technique for the generation of multilayered molecular nanoparticles is presented. Core-shell
composite nanoparticles of CO2 with varied composition have been investigated by Fourier-transform
infrared spectroscopy over 600 s at 78 K. The isotopically different zones of the particles turned out to
have completely different spectra in the �3 region: a tub structure (mantle) and a head-and-shoulders
structure (core). From the aggregation behavior of both components the particle formation time was found
to be 0.1 s. Low-temperature self-diffusion of airborne molecular nanoparticles has been monitored for the
first time. The self-diffusion coefficient for 12CO2=

13CO2 nanocomposites at 78 K was determined from
the time evolution of the �1 � �3 combination band to about 7� 10�20 m2=s. The work represents a
major advance toward nanoengineering of molecular nanoparticles at low temperatures.
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FIG. 1. Schematic view of the experimental setup, including a
long-path cooling cell and a new multiple gas-pulse inlet system
for the generation of composite particles. The first sample-gas
pulse forms the cores of the nanoparticles, the second pulse
condenses a mixing layer and/or a well separated mantle on the
cores depending on the time difference between the pulses.
Airborne molecular nanoparticles are of considerable
importance in atmospheric, medical, and technological
fields [1]. To investigate processes of small molecular
particles in the time scale of seconds to hours [2,3] colli-
sional cooling techniques in combination with Fourier-
transform infrared (FTIR) spectroscopy have become ef-
fective methods [4–9]. These processes comprise shape
evolution, phase transitions, binary diffusion, and chemical
and physical reactions of the particles. While studying and
even nanoengineering of colloidal systems with compo-
nents like latex, metals, metal oxides, or polymers are
rapidly developing fields of research [10,11], multicompo-
nent molecular nanoparticles formed at lower temperatures
[12] remained largely unexplored.

In this Letter we describe the formation process and the
time evolution of composite 12CO2=

13CO2 nanoparticles in
the gas phase with initial stages ranging from a well
separated mantle-core two-phase system to a completely
isotopically mixed one-phase system. As we will show,
there is strong evidence that the evolution of the
combination-band spectra is the result of binary diffusion
of the isotopically different mantle molecules into the core
region and vice versa. Further, the �3 antisymmetric
stretching vibration band serves as a reliable indicator of
the macroscopic particle structure (core-mantle composi-
tion, particle shape) while the �1 � �3 (and the �3 � 2�2)
combination band provide microscopic structure informa-
tion of the particles (environment of a single molecule).

The composite 12CO2=
13CO2 particles were generated

in a collisional cooling long-path cell [9] using a novel
multiple gas-pulse inlet technique (Fig. 1). Two quantities
of sample gases are rapidly injected through two inlet tubes
into the cold buffer gas of the cooling cell where clustering
occurs. An electric multiple-pulse generator controls the
lengths and repetition frequencies of the gas pulses and
especially the time difference (10�3 to 104 s) between the
gas pulses of different inlet channels by electromagnetic
valves. This multiple-pulse arrangement allows to bring up
05=94(3)=033404(4)$23.00 03340
to five sample-gas pulses into interaction, each adjustable
in volume, prepressure, repetition frequency, and time off-
set to pulses of the other injection channels. In that way, the
composition of multilayered particles or specially coated
particles in the nanometer and micrometer size range is
possible. The particles are monitored by FTIR spectros-
copy with an integrated White optics over 600 s or longer.
4-1  2005 The American Physical Society



PRL 94, 033404 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
28 JANUARY 2005
In the present experiment one 12CO2 (1000 ppm in He)
and one 13CO2 (1002 ppm in He) gas pulses were injected,
each with a volume of 50 ml at a prepressure of 2 bar�
10% at 297 K. In any case the buffer gas in the cell was
Helium at a pressure of 200 mbar, a total volume of 11 dm3

and a temperature of 78 K. The mirrors were heated to 83 K
to avoid CO2 deposition. The optical parameters were:
1 cm�1 spectral resolution; 15 m optical path length; 5 s
(60 s for background) recording time of FTIR spectra, 5,
25, 60, 180, 360, and 600 s after injection of the second gas
pulse, at 90% saturated InSb detector. The absorbance of
the main �3 band was about 0.6 at the beginning of record-
ing and decreased by half after 600 s in each case. The time
difference � between the 12CO2 and the 13CO2 pulse was
varied from 2.5 to �2:5 s.

First, the effect of � on the particle composition is
discussed. Figure 2 shows a series of spectra of composite
nanoparticles in the region of the antisymmetric �3 stretch-
ing vibration and of the �1 � �3 combination band. In the
case of trace 1 and two (� � 2:5 and 0.5 s), the 12CO2

molecules of the first pulse cloud have sufficient time to
complete homogeneous nucleation before the 13CO2 mole-
cules of the second pulse cloud enter the system, aggregate
inhomogeneously on the 12CO2 nanoparticles and form the
mantle layer. The composite nanoparticles are suspended
in the cooling cell and can be observed over minutes (up to
about 1 h) in thermal equilibrium. In trace 3 the nucleation
of the 12CO2 molecules has just finished when the 13CO2

molecules come into contact with the forming nanopar-
ticles. A mixing peak (MP) at the combination bands starts
developing (see arrow) which means that some of the
12CO2 molecules start coaggregating with the 13CO2 mole-
cules at about � � 0:1 s. Therefore, it can be concluded
that the formation of the particles (cores) is being com-
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pleted within about 0.1 s. The mixing portion increases
with decreasing � (trace 4 to 8) and reaches perfect coag-
gregation at � � 0 s in trace 9 where the sample-gas
fractions of both pulse clouds have been completely mixed
before nucleation. In the four bottom spectra (� � �0:02,
�0:1, �0:5, and �2:5 s) the pulse order has been reversed.
Here, the nuclei are formed by 13CO2 molecules and the
mantles by 12CO2 molecules.

Some of the spectroscopically relevant information on
CO2 nanoparticles formed by collisional cooling at our
experimental conditions are summarized: The main size
(diameter) of the particles in this work has been estimated
from Mie scattering theory to 110 nm [3] in accordance
with Ref. [2]; the structure is crystalline face-centered
cubic (Pa3) [6,13–16]; their IR spectra of the �2 and �3

band extend between the transverse (TO) and the longitu-
dinal (LO) optical mode of the crystal and are strongly
affected by the particle shape via the resonant coupling
mechanism of the oscillating molecular dipoles in the
aggregate [2,16–18].

A striking feature of Fig. 2 is the pronounced difference
between the 13CO2-mantle and the 12CO2-core spectra in
the �3 region for j�j> 0:05 s, see trace 1 to 4 (and 11 to 13
with reversed isotopomer composition). Especially in view
of temporal behavior the spectra turn out to develop re-
producibly toward a tub structure for the mantle and a
head-and-shoulders structure for the core, see trace 1 in
Fig. 3. To exclude that a physical effect of the second
sample-gas pulse on the forming composite nanoparticles,
such as a small heat input, is responsible for this asymme-
try, the following pulse combinations have been thor-
oughly investigated as control experiments: 12CO2=He,
12CO2=

12CO2, He=12CO2,
13CO2=He, 13CO2=

13CO2, and
He=13CO2. The experiments clearly show that these six
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FIG. 2. FTIR spectra of 12CO2=
13CO2

composite nanoparticles forming in mix-
ing aerosol clouds of 12CO2=He and
13CO2=He which were injected into the
cooling system with a time difference
ranging from � � 2:5 s (12CO2 pulse
first) to �2:5 s (13CO2 pulse first).
Recording started 5 s after injection of
the second pulse. The different compo-
sition of the particles is schematically
illustrated. The MP of the �1 � �3 com-
bination band (see arrow) indicate the
portions of molecules with isotopically
mixed vicinities.
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�3-band spectra and their temporal behavior only slightly
differ. They all have the typical structure and temporal
development of trace 14 in Fig. 3, shown as an example.

The ‘‘core spectra’’ of the 12CO2-related �3 region
(trace 1 to 4 between 2344 and 2381 cm�1 in Fig. 2) are
similar to the spectra of pure CO2 nanoparticles with the
difference of a suppressed R peak (compare �3 region in
trace 1 and 14 in Fig. 3). In contrast, the ‘‘mantle spectra’’
of the 13CO2-related �3 region (trace 1 to 4 between 2278
and 2312 cm�1 in Fig. 2) do not show the head-and-
shoulders structure of the pure CO2 nanoparticles but
rather a tub structure. Most prominent is the occurrence of
a further spectral feature in the case of the composite par-
ticles, labeled with an A in Figs. 2 and 3, at 2309:0 cm�1

and 2378:5 cm�1 for the 13CO2 and 12CO2 mantles (trace 1
to 4 and 11 to 13 in Fig. 2, trace 1 and 11 in Fig. 3). To our
knowledge, the A feature has not yet been described in
literature as a spectral feature of CO2 nanoparticles but
as a feature of molecular films or slabs of CO2 (and N2O)
and has been assigned to the LO mode [2,17,19–21]
(�LO � 2381 cm�1 and �TO � 2344 cm�1 for 12CO2)
[17]. Therefore, if we view the molecular mantle of the
nanoparticles as a hollow sphere or a curved film, then the
A peak can be interpreted as an LO mode absorption of the
infrared light. This result is in agreement with detailed
investigations of layers of CF4 molecules on water-ice
particles with varied thickness [12].
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FIG. 3 (color online). Temporal evolution of three selected IR
spectra of Fig. 2 (trace 1, 6, and 11) over 600 s and of a
comparative spectrum resulting from a control experiment with
a 12CO2=He pulse followed by a pure He pulse after 0.1 s
(trace 14). Note that the mantle in trace 1 contains both TO
and LO structures (R and A peak) after ripening, typical for a
hollow sphere. The portion of molecules with isotopically mixed
vicinities increases over 600 s by self-diffusion of both iso-
topomers, see MP of the �1 � �3 combination band. In each
series, the spectra extend from inside/bottom (black) to outside/
top (red/gray) with time.
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Compared to the main �3 vibrations the less intense
�1 � �3 combination bands of 12CO2 and 13CO2 are not
sensitive to the macroscopic particle features like shape
and size. On the other hand, they are suitable indicators of
the order of state and the microscopic composition
[3,22,23]. In our experiments additional spectral features,
labeled with MP, occur a few wave numbers blueshifted
from the combination-band peaks, resulting from CO2

molecules embedded in an environment containing mole-
cules of the other isotopomer, e.g., see arrow at the �1 � �3

band of 12CO2, trace 3 to 12 in Fig. 2. The relative intensity
of this mixing peak increases up to 100% when complete
mixing of both isotopomers is reached at � � 0 s. The
corresponding peak has its maximum at 3711:0 cm�1

and its width (FWHM) is with 2:4 cm�1 twice the width
of the peak of the pure component in trace 1. The redshift
of the mixing-peak position from 3714.6 to 3711:0 cm�1

(trace 3 to 10) can be assigned to environments with differ-
ent 13CO2 fractions ranging from 7% to 63% in accordance
to Ref. [21]. The corresponding mixing-peak position of
the 13CO2 molecules is 40% to 50% less blueshifted from
the peak of the pure component at 3629:0 cm�1 than in the
12CO2 case and therefore both peaks are less separated,
(trace 3 to 10). Summarizing, we can get two different
pieces of information from the mixing peak of the combi-
nation bands: (a) the relative integrated absorbance gives a
measure of the relative volume of the mixing zone in the
particles and (b) the position of the MP indicates the mean
molar fractions of the isotopomers in the mixing zone.

The temporal behavior of the spectral hook structure at
the TO mode of the �3 band of pure CO2—see trace 14 in
Fig. 3—has been frequently discussed [2,3,6,9,15,23–27]
and recently explained by shape evolution of the nano-
particles [3,16]. However, it remained an open question
whether longish particles agglomerate from globular pri-
mary particles or if the globular primary particles them-
selves change to longish particles by dendritic growth [16].
With the results presented in Fig. 3 the situation can be
further clarified. The comparison of mantle and core in
trace 1 clearly shows that only the mantle and not the core
contributes to the growing R peak. Furthermore, the barely
changing A peak indicates that the particles keep a layered
structure. Therefore, it is unlikely that the particles them-
selves evolve to longish ones like needles.

In the following discussion we focus on the �1 � �3

combination-band evolution. Most striking, especially in
trace 6 and 11 of Fig. 3, is the relative growth of the MP
over the period of 600 s, while the main peak of the pure
component at 3708 cm�1 remains unchanged in its shape.
In Fig. 4 the mixing-peak evolution is depicted for different
�. We interpret this behavior as one-dimensional self-
diffusion driven by concentration gradients of both iso-
topomers in the CO2 nanoparticles. To estimate the diffu-
sion coefficient D, we examine the time evolution of the
spectrum with maximum pulse interval � � 2:5 s which
ensures completed formation and cooling of the particle
4-3
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FIG. 4 (color online). Increase over time of the mixing zone in
core-shell composite CO2 nanoparticles caused by self-diffusion.
The initial thickness of the isotopically mixed layer decreases
with time interval � between aggregation of the sample-gas
clouds of both isotopomers. In the case of � � 2:5 s, self-
diffusion starts from a well zone-separated 12CO2-core/
13CO2-mantle composite: the data points can be fitted by a
root function with the exponent of 0.55 (red/gray solid curve),
according to the theory of one-dimensional self-diffusion.
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cores prior to condensation of the mantle and thus an
approximately steplike concentration gradient between
core and mantle at the beginning of the self-diffusion
process. After t � 600 s, the mixing zone (portion of
12CO2 in a 13CO2-dominated environment) has grown to
13.2% of the integrated absorbance of the combination
band. From our results presented in Figs. 2 and 3 it follows
that roughly the same absorbance per molecule for isotopi-
cally pure and mixed regions can be assumed. The width of
the mixing zone can be approximated from Fick’s second
law using the mean-square net-displacement z perpendi-
cular to the boundary area between core and mantle: z �
���������

2Dt
p

. An even better approximation is z0 �
����������

�Dt
p

, see
Ref. [28]. With a mean particle diameter of 110 nm, we get
an estimation of D � 7� 10�21 m2=s� 50%. This corre-
sponds with the lower range of typical self-diffusion co-
efficients of solids [28]. The lowest self-diffusion
coefficients for carbon dioxide we could find in the litera-
ture are such for fluid carbon dioxide at 223 K and
200 MPa with about 2:1� 10�9 m2=s [29] being 11 to
12 orders of magnitude higher than ours.

A more detailed analysis of the determination of binary
diffusion data from the spectroscopy of layered nanopar-
ticles remains the subject of a future study. Anisotropy
effects and temperature dependence of D should be also
investigated. In any case, the comparison of the experi-
mental data with exciton model and molecular dynamics
calculations is planned. It is worth mentioning that, if one
03340
reverses the line of argumentation, it should be possible to
obtain particle size information from calibrated diffusion
data of solid and fluid composite particles, too.
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