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Collisional cooling and supersonic jet expansion both allow us to perform infrared spectroscopy of
supercooled molecules and atomic and molecular clusters. Collisional cooling has the advantage of
higher sensitivity per molecule and enables working in thermal equilibrium. A new powerful method
of collisional cooling is presented in this article. It is based on a cooling cell with integrated
temperature-invariant White optics and pulsed or continuous sample-gas inlet. The system can be
cooled with liquid nitrogen or liquid helium and operated at gas pressures between,1025 and 13
bar. Temperatures range from 4.2 to 400 K and can be adjusted to an accuracy of60.2 K over most
of the useable range. A three-zone heating design allows homogeneous or inhomogeneous
temperature distributions. Optical path lengths can be selected up to values of 20 m for Fourier
transform infrared~FTIR! and 40 m for laser operation. The cell axis is vertical, so optical windows
are at room temperature. Diffusive trapping shields and low-power electric heating keep the mirrors
free from perturbing deposits. The cell can be operated in a dynamic buffer-gas flow-cooling mode.
A comprehensive review of existing collisional cooling cells is given. The formation of CO clusters
from the gas phase was investigated using FTIR spectroscopy. For the isotope mixture consisting of
13C16O,13C18O, and12C16O, a conspicuous change in the main spectroscopic structure of the clusters
was observed between 20 and 5 K. The cluster bandwidth of the main isotope13C16O triples. This
behavior could be interpreted as a change from the crystalline to the amorphous state or as a
decrease in size to smaller clusters with relatively larger surfaces. To our knowledge, this is the first
IR investigation of molecular clusters obtained by collisional cooling in this temperature range. For
CO2 the change from the monomer to crystalline clusters was investigated. The observed spectra
vary considerably with temperature. FTIR spectra of CO2 clusters observed previously by other
researchers could be reproduced. The system allows us to determine various gases with a FTIR
detection limit in the lower ppb range. With these concentrations and at temperatures,10 K the
monomers can be supercooled, and small clusters can be obtained. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1400158#
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I. INTRODUCTION

Cooling and supercooling of molecular gases offer
number of possibilities not given at room temperature. Lin
and bands get narrower and hot bands disappear due t
strong temperature dependence of Doppler and collision l
widths and of the Boltzmann population ofJ states. So the
spectra become simpler and individual lines get stron
Low-temperature high-resolution spectroscopy1 including
tunable diode laser~TDL! spectroscopy2 can thus be used fo
the analysis of gas mixtures with complex spectra, parti
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larly for heavy molecules with small rotational constants a
narrow-spaced lines. Laboratory measurements can pro
basic information on spectral properties such as linewid
line strength, and absorption cross section. These data
be used for the optical investigation of the Earth’s atm
sphere as well as the atmospheres of other planets.3 Interest-
ing fields of research are also the investigation of chem
reactions with a large negative temperature coefficient of
rate constant4 and the violation of parity conservation in ch
ral molecules.5

If the temperature of a gas is reduced below its cond
sation point and its supersaturation is raised above a valu
five,6 then aggregation can occur. Most cooling methods
therefore suited for the generation of molecular clusters
il:
6 © 2001 American Institute of Physics
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well.7–12 The study of homogeneous and heterogeneous
lecular clusters provides basic knowledge about solids
liquids, although clusters themselves are sometimes con
ered as a new state of matter because of the great varie
physical and chemical properties they exhibit. Due to th
large specific surface, clusters can act as efficient catalys
atmospheric chemistry as well as in chemical and bioche
cal applications. In addition to these cluster-specific re
tions, research into the behavior of clusters could contrib
to answer questions of fundamental and practical importa
in fields such as nucleation phenomena, phase transit
and solvation problems. In cluster research, theory and si
lation are far ahead of the experiment. Berry13 therefore calls
for increased effort and new laboratory studies in this fie
particularly as to phase changes of small systems.

Experimental cooling methods suited for the purpose
clude supersonic adiabatic expansion into vacuum, co
sional cooling, and matrix isolation.14,15 This latter method
differs from the two former ones in that the solid matrix
~usually! argon strongly interacts with both the monome
and the clusters, rendering statements about the bare
ecules and clusters difficult. Considered to be the more
egant, adiabatic jet expansion1,16 is used much more fre
quently than collision cooling. Adiabatic expansion does
depend on a cooling agent and allows us to attain mono
rotational temperatures of a few K under controlled expe
mental conditions. The problem of low intensity can to
certain extent be overcome by the use of slit instead of
cular nozzles, particularly if spectrum acquisition is synch
nized with the pulses of the molecule jet.17,18 On the other
hand, supersonic expansion requires large amounts of sa
gas which in turn calls for large-capacity vacuum pum
Also the definition of temperatures of the carrier gas,
sample gas, and the aggregates is not obvious becaus
system is far from thermal equilibrium and the vibration
relaxation lags behind the rotational and translational re
ation processes.19 Therefore, researchers have repeate
come back to collision cooling devices, all of which esse
tially consist of a suitably designed cooling cell.

II. EXISTING COLLISIONAL COOLING CELLS

Herzberg20 was the first to use a cooled optical cell f
spectroscopic purposes in 1952. It was cooled with liq
nitrogen (LN2). Thirteen years later a high-performance c
with a minimum temperature of 18 K was described,21 which
offered an optical path length of 13.6 m. It was based
White’s design22 as were all the following multireflection
cells. Watanabe’s cell operated at pressures slightly abo
bar. A coarse adjustment of the temperature was possibl
letting the cell slowly warm up to room temperature. The c
was used for the determination of pressure-induced infra
~IR! absorption by gaseous H2. A few years later two long-
path cooling cells were built with optical lengths of 230 a
165 m, minimum temperatures of 77 and 80 K, and ma
mum pressures of 3 and 10 bar, respectively.23,24 The tem-
perature of the latter of the two cells could be adjusted
tween 80 and 125 K by use of a cryogenerator that wor
with a liquid coolant such as nitrogen. Based on this des
Downloaded 26 Sep 2001 to 134.169.41.73. Redistribution subject to A
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another cell was built with 110 m of optical length that cou
be cooled down to 20 K with a two-stage cryogenerator.25,26

However, this cell could not be used for IR absorption me
surements for more than 1 or 2 days because of a depos
water vapor on the outside of the cold vacuum windows26

The previously mentioned 230 m cell23 was used both in the
original27 and in a smaller version28 to spectroscopically in-
vestigate large CO2 clusters in the IR at 77 K. For this pur
pose, mixtures of CO2 with an inert gas were allowed to
quickly enter the cold cell. Two other cells offering very lon
absorption paths of 1500 and 512 m were described for t
peratures between 160 and 300 and 190 and 300
respectively;29–31maximum pressure in these cells was 5 b
For high resolution spectroscopy of the HF dimer a doub
jacketed, stainless-steel 64 m path White cell, which w
cooled down to about 223 K, was used.32 A 10 m double-
path cell was also built for experiments with highly aggre
sive media and used for the investigation of gaseous HF
its smaller clusters at temperatures between 250 and 30033

After 1989, a number of smaller cooling cells were d
scribed that could be integrated into the sample compartm
of commercial Fourier transform infrared~FTIR! spectrom-
eters. They were all single-pass cells with a length
,0.02–0.25 m. The first of these cells used the diffus
trapping technique.34 The LN2-cooled cell was given the
shape of a long~'0.1 m! cylinder so that supercoole
sample gas entering the cell in the center condensed ma
on the cylinder walls and to a much lesser extent on the
windows. This technique allowed measurements for abou
h before the deposit on the windows set an end to the exp
ment; temperatures that could be reached were about 9
The cell was used for the investigation of both the behav
of supercooled gases33 and the formation of
homogeneous35–37 and heterogeneous38 clusters. Simulta-
neously or soon thereafter three similar cells were built a
described. The first,39 with 0.09 m optical length, was use
for high-resolution IR spectroscopy of CH3D at 123 K. With
the second, 0.15 m long, based on diffusive trapping a
resembling the cell described in Refs. 23 and 27, FTIR sp
troscopy of CO2 aggregates40 and of homogeneous41 and het-
erogeneous H2O aggregates42 were carried out; this cel
could go down to temperatures,90 K. Finally, a third cell of
0.1 m optical path and 95 K minimum temperature and
longer version of it~0.2 m and 30 K! were used for FTIR
studies of C2H2 ~Ref. 43! and N2H4 ~Ref. 44! clusters. In
1995 a similar cell made from Pyrex glass was described
was 0.25 m long, resistant to aggressive media, could
cooled to 77 K and heated electrically, and was used
FTIR spectroscopy of gaseous CO2,NO2,CH3SiH3,45 and
several fluorohydrocarbons.46

Somewhat longer cells of 0.32 and 0.50 m have be
used for N2O at 135 K and CH4 at 210 K, respectively.47,48

Pressure broadening of CH4 was investigated at temperature
down to 77 K with a 0.85 m long tubular cell, the central pa
of which was surrounded by a Dewar that could be fill
with liquid nitrogen.49 A different design was used for a ce
for IR spectroscopy of various aerosols. This cell consis
of a copper tube, 0.8 m long and 0.1 m in diameter, with fo
different zones each of which could be cooled to a differ
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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3948 Rev. Sci. Instrum., Vol. 72, No. 10, October 2001 Bauerecker et al.
temperature, and three ports in-between through which
aerosol could be investigated optically in a direction perp
dicular to the cell axis. In this cell water ice aerosol w
studied along optical paths of about 0.2 m in the tempera
range between 130 and 210 K.

The only cell that has, to our knowledge, been descri
in the literature for IR spectroscopy of supercooled mo
mers and molecular clusters at liquid helium temperature
the device of Refs. 50–52. It combines helium cooling w
microwave measurement capabilities and was used for
determination of pressure broadening coefficients53–56 and
rotationally inelastic absorption cross sections57 of several
gas systems. A precursor of this cell had been dire
coupled to a microwave detector, with both the cell and
detector immersed in liquid helium.58 The cell was quite
small, with an effective optical path of about 25 mm, b
could be cooled to 7.5 and 5 K for TDL spectroscopy of
individual lines of CH3F ~Ref. 50! and N2O.51 A slightly
modified version that offered 42 mm of optical path at
temperature of 14 K has been used for IR measurement
CO.52

All these devices can be improved as to both method
ogy and technology. An important capability arises from t
combination of liquid helium temperatures with an optic
path of several meters. At the same time, operation of the
must not be too complicated and time consuming. Furth
more, the possibility to precisely and continuously cont
the temperature between a few K and a few hundred K
highly desirable. A low-loss sample-gas inlet system is
sential for many practical applications. Except for one ce21

all cooling cells described in the literature were oriented
the traditional way, with the cell axis horizontal. This lea
to cold gas flowing to the windows and cooling them a
results in a temperature gradient in the windows. The c
windows tend to accumulate condensed sample gas in
and condensed water vapor outside. This limits the time
the experiment, requires periodic heating, and renders
interpretation of the results difficult. It can also provo
leaks around the windows, particularly while the cell
cooled down. Furthermore, certain window materials are
groscopic ~such as KBr! or susceptible to thermal shoc
~such as BaF2). Finally, especially for multipath cells, provi
sion for heating the mirrors is important to avoid the depo
of gas on the mirrors or to remove it without heating up t
whole system. None of the systems that we found descr
in the literature provides this possibility. A fundament
problem is also the temperature-induced change of lengt
cells made from copper, brass, or steel; this phenome
complicates the optical readjustment of the mirrors when
cell is cold.23 A solution is the use of invar steel which has
expansion coefficient similar to that of glass, but ten times
thermal conductivity.

III. COOLING TECHNIQUE

A concept to avoid the deposit of sample gas on w
dows, mirrors, and walls of the cooling cell has been
scribed by the authors previously.59,60 This concept relies on
cooling and channeling the sample gas with a flow of co
noncondensing buffer gas. Its viability has been proven w
Downloaded 26 Sep 2001 to 134.169.41.73. Redistribution subject to A
e
-

re

d
-
is

he

ly
e

t

on

l-
e
l
ll

r-
l
is
-

ld
de
f

he

-

it

ed
l
of
on
e

s

-
-

,
h

a double-path cell cooled with liquid nitrogen.61–63 In this
article a new, versatile cell is described which allows us
realize the aims described above, eliminates the remain
shortcomings of the older cell, and opens possibilities b
yond those offered previously.

The central part of the new device is a vertically orient
multireflection cooling cell with long necks to carry the op
tical windows~Fig. 1!. The cell is combined with a new ga
inlet system that can be operated both continuously and
pulsed regime. The inner volume of the cell is contained
an invar steel tube with integratedf /16 White optics.22 The
distance between the gold-coated mirrors is 0.625 m so
optical path can be changed in multiples of 2.5 m. The a
justment is carried out by tilting one of the mirrors at th
base of the cell with a rod that can be actuated from outs
the cell. Adjustment of the cell optics is thus possible at a

FIG. 1. Schematic cross section of the liquid-helium/liquid-nitrogen coo
multireflection cell. The efficiency of the method used lies in the combin
tion of ~1! liquid helium cooling,~2! up to 20 m~FTIR! or up to 40 m~TDL!
optical path length,~3! three-zone temperature heating with independe
temperature control of each zone,~4! absence of sample gas deposits o
windows and mirrors, and~5! a new sample-gas inlet system for continuou
or pulsed operation.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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cell temperature. In practice, however, no realignment w
necessary when the cell was cooled from room tempera
to the minimum operating temperature of the device. Ma
mum optical pathlength is 20 m for FTIR and 40 m for TD
operation. A stainless steel cap at the top seals the inner
against the top flange with an indium gasket. This is the o
gasket of the whole device that must endure tempera
changes while the cell is cooled. All other gaskets for w
dows, inlet, and exhaust tubes, etc. are kept at room temp
ture, so no leak problems occur. The cryostat that surrou
the cell is made of Duran glass with thermal conductiv
only 1/10 that of stainless steel. The cryostat can thus
only be operated with liquid nitrogen, but with liquid helium
as well if an appropriate radiation shield is added.

Compared to a horizontal arrangement, the vertical
entation of the cell offers some advantages. Most impor
is that the temperature gradient from the outside to the in
of the cell occurs in the window necks which only contain
buffer gas such as nitrogen or helium which do not conden
Because of the higher density of the colder gas there
stable layering in the necks that keeps cold gas from flow
to the windows, unlike the situation in cells with a horizon
axis. The windows thus remain at room temperature. No
posit occurs on the windows either from the inside or fro
the outside. As a window material, both CaF2 and KBr are
used. The windows are secured in the flanges with bo
Flanges are tilted 3° with respect to the optical axis.

The sample gas enters the cell along the cell axis fr
the top. For its introduction several interchangeable tubes
available. The tubes are introduced into a larger tube
provides mechanical stability and pass through a central
in the field mirror over which they stand out into the cell b
up to 60 mm~Fig. 1!. Thus, they do not impair the optica
beams focused on the field mirror. We use thin-wall
vacuum-isolated glass or stainless-steel tubes with out
diameters of 10 mm and inner diameters between 2 an
mm. The glass tubes introduce less heat into the cell tha
the steel tubes.

Two possibilities exist for the injection of the samp
gas: continuous injection and pulsed injection. For conti
ous operation the sample gas flow is adjusted via mass-
controllers. Another possibility is the quick introduction
short gas pulses of variable length into the cooling cell. F
this purpose a sample gas pressure between 0.1 and 10
is allowed to build up in an adjustable, well-defined volum
of a few to a few hundred cubic centimeters. An elect
pulse generator with adjustable pulse length and pulse
etition frequency then opens a valve. Minimum pulse du
tion and maximum pulse repetition frequency are determi
by the switching time of the valve which is 60 ms. At hig
pressure and short pulse duration the sample gas enter
cell at high speed, and very little gas can condense in
inlet tube. The sample gas concentration, the pressure in
gas reservoir, the pulse length, the diameter and nozzle s
of the inlet tube, the degree of turbulence at which
sample gas enters the cell, and the temperature of the b
gas all have considerable influence on—and are thus allo
to influence—the size and probably the shape of the resu
clusters.64 With the pulse generator the phase-controlled
Downloaded 26 Sep 2001 to 134.169.41.73. Redistribution subject to A
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jection of up to five separate gas pulses can be used for
generation of multicomponent molecular clusters.64

The buffer gas enters the space between the steel cap
the invar tube through the buffer-gas inlet pipe~Fig. 1!. Here
it is cooled, and possible impurities condense on the m
surfaces. After that the gas smoothly flows into the inner c
through 2000 holes laser drilled into the invar cylinder. T
cell can be operated in two different modes. In the sta
mode the sample gas is injected into the cell prefilled w
buffer gas. In the dynamic mode the buffer gas forms a la
nar, rotationally symmetric flow pattern that is schematica
represented in Fig. 1. In the upper part the buffer gas en
the cell essentially radially, then gradually turns into a mo
axial direction, and finally flows parallel to the cell axis to
ward the gas outlet tube. In that option the cooling gas s
rounds and carries the sample gas through the cell, coolin
and keeping it off the cylinder walls, where it might othe
wise condense and deposit. Part of the cooling gas fl
flushes the mirrors at the top and bottom of the cell, avoid
or drastically reducing the deposit of sample gas on the m
rors. This is particularly important when sample gas conc
trations in excess of 10–100 ppm are used. An additio
possibility is the addition of a third gas to the buffer gas. Th
can be used for the study of heterogeneous clusters and
ticomponent reactions as an alternative to the multipulse
jection of different gases.

IV. TEMPERATURE ADJUSTMENT

Two systems are available for cell temperature cont
Temperatures between 100 and 400 K are obtained usi
device that allows us to adjust the temperature of gase
nitrogen evaporated from the liquid in a heat exchanger. T
temperature of the gas obtained by this procedure can
controlled to an accuracy of better than60.2 K. Maximum
cell temperature is given by the melting temperature of
indium gasket~430 K!.

For temperatures between 4.2 and 200 K liquid heliu
~4.2–78 K! and liquid nitrogen~78–200 K! are used, to-
gether with electric heating of the mirrors and of the inv
tube. For this purpose insulated heating wire is wou
around the invar tube~Fig. 1!. The heating is arranged in
three segments. Each can deliver, at 48 V, a maximum h
ing power of 200 W. Care has been taken that the hea
wire does not impair the free passage of the buffer
through the holes. Close to the evaporation temperatur
nitrogen, i.e., in the range between 78 and 85 K, stability a
precision of the temperature is60.1 K. When helium is
used, radiation shields are required in the upper part of
cell close to the window necks to avoid radiation heating
the inner parts of the device.

Temperatures above about 60 K are measured in se
positions~one at the sample-gas inlet, four in the gas in t
cell, two at the mirrors! and controlled by self-optimizing
fuzzy-logic controllers. In the inner hole of each sample g
inlet tube there are two chromel–alumel mantle therm
couples with stainless-steel mantle. With one of the therm
couples the gas temperature is measured at the tip of the
tube. The other serves for heating the sample gas. Its po
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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3950 Rev. Sci. Instrum., Vol. 72, No. 10, October 2001 Bauerecker et al.
is carefully adjusted to the cell temperature and to the nat
flow, and concentration of the sample gas to avoid clogg
of the sample gas inlet.

Gas temperatures in the cell are measured directly wi
rhodium–iron resistor and three chromel–alumel man
thermocouples with a stainless-steel mantle. The outside
ameter of the thermocouples is 0.5 or 0.25 mm. According
the manufacturer, these thin thermocouples have resp
times~63% response to an abrupt temperature change! of 1.2
or 0.4 s, respectively, measured in nitrogen at atmosph
pressure. The thermocouples radially protrude about 40
from the invar tube into the cell volume. They are located
the top, middle, and bottom of the cell. The resistor is loca
at a position between the middle and the lower therm
couple. The remaining two thermocouples measure the
face temperature of the field mirror and one of the focus
mirrors.

Temperatures between 4.2 and 60 K are measured
the rhodium–iron resistor and additionally verified with
pressure measurement by use of the van der Waals’ rela
with calibration of the system at 77.4 and 4.2 K.

The field mirror at the top and the pair of focusing m
rors ~counter mirrors! at the bottom of the cell can each b
heated electrically with 100 W of heating power. This allow
e.g., us to heat the mirrors from 78 to 300 K in 20 min wh
the cell is immersed in liquid nitrogen. A deposit of gas
the mirrors can be totally avoided if the temperature of
mirrors is a few K higher. This has practically no influen
on the temperatures of the sample gas as given by the t
thermocouples in the cell. It is also possible to have
mirrors at temperatures below the sample-gas temperatur
this way thin layers of deposit can be made to grow on
mirrors and to evaporate again in a controlled manner for
study of processes associated with changes in structura
der. In addition to the mirror heating, diffusive trappin
shields—following the diffusive trapping technique—34 are
also used to avoid sample gas condensation on the mir
These are fan-shaped adsorption baffles that consist of
aluminum sheets for the top mirror and two tubular baffl
for the bottom mirrors. For improved adsorption of gas m
ecules the surface of the aluminum is roughened.

Maximum pressure of the cell is determined by the m
chanical properties of the cell windows. Following the c
culations carried out in Ref. 31, the maximum pressure
our cell is at least 13 bars when operated with 5-mm-th
CaF2 windows at a safety factor of 2. Minimum pressure
below 0.01 mbar.

V. EXPERIMENTAL RESULTS

The experimental setup is shown in Fig. 2. A Nico
Magna-550 FTIR spectrometer was used to obtain the res
presented in this article, with a globar mid-infrared sour
Maximum resolution in the spectral range between 600
7400 cm21 is 0.125 cm21. A KBr beamsplitter produces a
sample beam that comes out of the spectrometer parall
the reference beam. A transfer optics couples the beam d
into the cooling cell. The attenuated beam that comes ou
the cell is measured with a mercury–cadmium–telluride
Downloaded 26 Sep 2001 to 134.169.41.73. Redistribution subject to A
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indium–antimonide ~InSb! detector. To enhance optica
throughput in the spectral region of interest, yet reduce
wanted photon noise, an optical filter transmitting in t
2000–2500 cm21 range was used in most cases. For all
spectra shown in this article Happ–Genzel apodization w
used along with zero-filling-level-of-two algorithm. Raw in
terferograms were always stored for reevaluation at a l
date. In order to suppress absorption bands of H2O and CO2,
the spectrometer and transfer optics were flushed with
nitrogen.

For high-resolution IR spectroscopy a TDL spectrome
can be coupled to the cooling cell. For this purpose only t
mirrors in the transfer optics are removed from the bea
Simultaneously with the multipath absorption cell describ
here, a helium-cooled double-path cell can be operated w
using a second coupling device integrated into the sam
compartment of the FTIR spectrometer. That cell is equipp
with a very long window neck and a LN2-cooled mantle
cryostat and is thus even less subject to heat input from
surroundings than the multireflection cell. It is not discuss
in this work. All gas mixtures used had been prepared
Messer and came in 10 l pressure cylinders with an anal
certificate. Concentration uncertainty was quoted to be62%.
Teflon was exclusively used for all external tubing. Flo
rates of the sample and of the cooling gas were meas
with mass flow controllers.

A. Carbon monoxide clusters

With 81.7 K, carbon monoxide exhibits the lowe
atmospheric-pressure boiling point of all~nonexotic! IR-
active molecules.65 Therefore, CO is well suited as a mod
substance for the IR spectroscopic investigation of clus
formation at temperatures below 78 K. Although IR spec
of cooled CO monomers16,52and heterogeneous CO cluster

FIG. 2. Experimental arrangement with transfer optics. The system all
operation of the FTIR and TDL spectrometers on either of two cooling ce
The 0.8 m path liquid-helium flow-cooling cell on the lower left is n
described in this work.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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e.g., with H2O,42,66 have been presented, articles on infrar
spectra of homogeneous CO complexes appear to be sc
except for high-resolution spectra of jet cooled CO dimer67

The cooling system described offers the possibility of p
ducing CO clusters with a great variety of properties by va
ing the concentration, pressure, and temperature and to s
troscopically investigate them in thermal equilibrium. Figu
3 consists of a series of eight CO spectra taken at temp
tures that range from 300 down to 5 K. In all eight expe
ments the concentration was 1000 ppm of a13C16O enriched
CO isotope mixture in helium. Isotopes13C16O, 13C18O, and
12C18O are present in the sample gas in a proportion
100:10:0.7. At 300 K the empty cell was filled with a samp
gas mixture up to 50 mbar pressure. In the seven remai
experiments three~Nos. 2–5! and four~Nos. 6–8! pulses of
gas were introduced into the cell that was at a temperatur
45, 35, 20, 15, 7, 5, and again 5 K. The corresponding p
sure values were 25, 18, 15, 12, 8, 7, and once again 7 m
Three seconds after the third pulse the absorption meas
ment was started, always at 20 m optical path, and car
out in eight scans extending over a total of 63 s, with 0.1
cm21 spectral resolution. The difference between the seve
and eighth run was that only 60% of the sample gas volu
of run No. 7 was allowed to enter the cell in run No. 8. F
this purpose the gas reservoir pressure was reduced ac
ingly.

As can be seen from the first two spectra of Fig. 3,
temperature reduction from 300 to 45 K results in a red

FIG. 3. FTIR spectra of CO clusters. Temperature series between 300 a
K. ‘‘Cold’’ spectra were obtained after injection of three~Nos. 2–5! and four
~Nos. 6–8! pulses, of 50 ms pulse duration, of a mixture of 1000 ppm CO
helium. CO isotopic composition was13C16O,13C18O,12C18O at a ratio of
100:10:0.7. The pressure of the cold buffer gas into which the sample
pulses were injected was 25, 18, 15, 12, 8, 7, and 7 mbar. No buffer gas
was used. The maximum absorbances were, from No. 1 to 8: 0.37,
0.15, 0.42, 0.38, 0.59, 0.27, and 0.11. Optical path length was 20 m, spe
resolution was 0.125 cm21. Cluster formation started at about 40 K.
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tion of the rotation–vibration bandwidth to about 40%
initial value. This is a considerable spectral simplificatio
Cluster formation starts between 45 and 35 K. At these te
peratures the equilibrium vapor pressure of CO is betw
1021 and 1023 mbar, in agreement with the partial pressu
of CO in the cell, which after three gas pulses is betwe
about 1022 and 1023 mbar. It is worth mentioning that the
temperatures cannot be taken directly from the monom
bands or lines of the spectra as the widths of the lines
about ten times smaller than the spectral resolution of 0.
cm21. Monomers totally disappear between 15 and 7
Cluster spectral structures of the three isotopes are redsh
by 3–4 cm21 with respect to the bands of the monomer.

For the interpretation of the cluster spectra let us s
with spectra Nos. 7 and 8 taken at 5 K. Despite the fact t
the melting temperature of clusters can considerably
crease with decreasing size68 and that the probability for the
occurrence of several phases is larger in small systems
cause of the relatively larger surface and the greater var
of simultaneously occurring cluster sizes, we can be rat
confident that these two spectra are from solid clusters o
There are several reasons for this. At 5 K, CO is far below
triple point at 68.1 K and on a point along the sublimati
curve of itsp–T phase diagram in which the vapor pressu
essentially vanishes.65,69 For CO2 a concentration of 1000
ppm and similar pulse conditions result in clusters
108– 109 molecules per cluster, as is described below w
consideration of Ref. 28. This can be taken as an indica
that CO clusters are not very small under these conditio
On the other hand, the absence of scattering noise and
Christiansen effects is indicative of a cluster size consid
ably below the IR wavelength of about 5mm.43

Figure 4 shows the structure of the13C16O stretching
vibration of spectra Nos. 4–8 of Fig. 3 in more detail. Tw
shoulders at 2091.8 and 2094.0 cm21 can be seen in the
center and three, less clearly developed shoulders at 208
2089.8, and 2097.2 cm21 in the outer parts of the spectra. A
of them get more pronounced as the temperature gets lo
Together they lead to a broadening of the spectral struc
both in the central and in the outer regions. Most conspi
ous is the spectral broadening by about 50% between No
and 8. Most of the structural change thus occurs betw
these two spectra. This is amazing because both temper
and pressure have remained the same for the two spect
means that only the reduced quantity of sample gas can
held responsible for the change in structure. We feel co
dent that the effect described is not an artifact. At homo
neous mixing of the sample gas during the measurem
and maximum absorbances of 0.27 and 0.11, saturation
fects can safely be excluded. Also the experiment was
peated several times with the same results.

The 40% reduction of the pulsed-in gas quantity appe
to cause two things. First, the sample gas becomes m
strongly diluted. Fewer sample gas molecules meet the s
number of cold buffer gas atoms. Second, the sample ga
cooled more quickly as a smaller gas mass must be coo
Because the average time between collisions is inversely
portional to the molecular number density and the squ
root of the temperature, both effects cause longer and
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stronger cooling of the monomers before they collide a
aggregate with each other or with a cluster already form
there. That means that the clustering process occurs at lo
temperatures in run No. 8 than in run No. 7. This results
an increased probability for the formation of a glas
structure.68

It was observed70 that the amorphous as compared to t
crystalline part of H2O clusters is relatively larger in smalle
clusters. Because rapid cooling results in a higher leve
supersaturation, which in turn leads to higher rates of nu
ation and thus to smaller clusters,71 a similar situation could
be given in the present case. The peaks of the cluster sp
of isotope13C18O ~Fig. 4, left! are only about half as broad a
those of the main isotope. It is noteworthy that the shape
the spectra of this isotope remains almost the same betw
run Nos. 4 and 7, differently from the behavior of the ma
isotope. Considerable broadening only occurs in the tra
tion from No. 7 to No. 8. The spectra of12C18O ~not shown
here in greater detail! correspond very well to the spectra
13C18O and thus behave in a very similar way. This is e
plained by the fact that the minority isotope is surround
mainly by molecules of the main isotope and that coupling
vibrational excitation is much more intense between l
than between unlike molecules. The smaller changes in
spectral structure of the minority species have also been
served with CO2 clusters and explained using the excit
model.28 In that experiment clusters were also produced
collisional cooling at 77 K and turned out to be all crysta
line. The transition to a broader structure, however, as s

FIG. 4. Details of the FTIR spectra of CO clusters from Fig. 3. Tempera
series between 20 and 5 K, in opposite order. Decreasing temperature c
the maximum of the13C16O cluster peak to shift toward the blue by abo
0.5 cm21. The13C16O spectral features triple and the13C18O features double
in width with the decrease in temperature. The change occurs essen
between spectra Nos. 7 and 8 at about 5 K, in particular for13C18O; for
spectrum No. 8 the pulse volume had been reduced to 60%. This beh
could be interpreted as a change in structural order of the clusters and
an increase of the surface-to-volume ratio of the clusters. The differen
velopment of the spectral features of the two isotopes can be explaine
different phonon coupling.
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in this investigation, had not been observed there. In su
mary, we thus interpret the transition in spectra structure
tween run Nos. 4 and 8 as a change from crystalline tow
an amorphous phase of the forming clusters and/or as a
crease in size to smaller clusters with relatively larger s
face areas.

B. Carbon dioxide clusters

Whereas very little information has so far been availa
on clusters of CO, IR spectra of larger CO2 clusters have
been presented in several articles.27,28,35–37,40These articles
are therefore suited for the verification of the quality of da
obtained by using our new technique, although the influe
of temperature on cluster formation has not been a pr
topic there.

Figure 5 shows, in three columns, CO2 spectra taken
with sample gas concentrations of 1002, 91, and 11 ppm C2

in helium. An exception is the bottom spectrum in the righ
hand column which was taken with 10 600 ppm of CO2. The
temperature was lowered in small steps from top to botto
starting from a value between 100 and 90 K and going do
to 78 K. The sample gas was always pulse injected into
cooling cell which was filled with 200 mbar of helium buffe
gas and homogeneously kept at the adjusted tempera
The first series of spectra was taken with one, the sec
with two, and the third with five pulses under otherwise ide
tical conditions. Again spectra acquisition started 3 s after
the end of the last injection pulse, optical path length was
m, spectra were taken in 15 scans each, with a total dura
of 118 s, and resolution was 0.125 cm21. It is obvious that
cluster formation onset occurs at about 95 K in the first
ries, at about 91 K in the second, and at roughly 89 K in
third series of measurements. Further cooling by only a f
degrees strongly enhances the cluster part in the spectra
monomers and clusters coexist. Around 85, 84, and 80 K
monomers disappear almost completely.~SpectraF andG of
the first series have been arranged according to struc
trend, not temperature. They seem to deviate from the le
ing trend, but no data interchange nor any other error co
be found in the acquisition and evaluation of the prima
experimental data.!

For all three concentrations the structure of the clus
bands formed strongly depends on temperature. It is inter
ing to note that the IR spectra of the three sequences
measurements very closely resemble the results of four
periment series obtained by three working groups that u
different cooling systems. Our spectrumD matches quite
well with that obtained in Ref. 35 for a cluster size distrib
tion, which according to the authors has a maximum near9

molecules per cluster; clusters of this size should hav
particle radius of about 0.25mm. Our spectrumH resembles
several spectra discussed in Ref. 28 with clusters of aro
0.1 mm size in the maximum of the distribution. SpectraF
andO correspond to those found in Ref. 40, and spectraO,
Q, andW to those of Ref. 27. Very large, micron-sized clu
ters that show IR Mie scattering and the Christiansen ef
have also been observed with our system and resemble s
tra shown in Ref. 36. For generation of these clusters
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3953Rev. Sci. Instrum., Vol. 72, No. 10, October 2001 IR spectroscopy of supercooled molecules
FIG. 5. FTIR spectra of CO2 clusters. Three temperature sequences between 100 and 77 K were taken for the characterization of the vapor–so
transition. In each sequence gas pulses of 50 ms duration were injected into the cold buffer gas. Concentrations and pulse numbers were 1002 pplse
~left!, 91 ppm, two pulses~center!, and 11 ppm CO2 in He, five pulses~right column!. Buffer gas pressure was 200 mbar, optical path length 20 m, and spe
resolution 0.125 cm21. No buffer gas flow was used. For the spectrum at the lower right the concentration was 10 600 ppm, the other paramete
unchanged. Cluster formation starts between 94 and 89 K. There are clear trends visible in the structure of the spectra. An exception is the sequenspectra
F andG for which, however, no assignment error or other error could be found. Spectral structure such as the formation of ‘‘hooks’’ in the outer pa
spectra increase in complexity with increasing concentration. IR spectra of CO2 found in the literature fit well into the series of spectra observed here. A sim
estimate based on the SNR of the third series of measurements shows that clusters are probably still visible at concentrations 1000 times smallerthe one
used here. Those clusters will then contain relatively few monomer molecules.
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lengths of seconds or continuous sample gas injection.

The crystallographic structure of the many types of C2

aggregates produced in supersonic jets was identified
electron diffraction techniques as face-centered cu
~fcc!.72,73In a more recent article other structures were fou
as well, particularly for small structures of about 100 mon
mer molecules.74 Barneset al. believe that structures othe
than fcc structures are possible as well for large aggregat35

Another consequence of the analysis of Maxwell’s equati
for the interaction of light with spherical particles by the
authors is that the great variation in spectral structure
shape is indicative of sharp edges and corners on the
ticles. Our two-dimensional temperature-concentration d
gram of Fig. 5 shows clearly that the conspicuous spec
structures such as the ‘‘hook’’ at 2345 cm21 in spectrumH or
the peak-and-valley structure at 2370 cm21 in spectrumD
get less pronounced as the concentration of the sample
decreases. In the third series with 11 ppm CO2 in He the
hooks at 2345 and 2370 cm21 are only visible as faint shoul
ders.

Although previous authors only saw solid CO2 clusters,
molecular dynamic simulations predict a dynamic coex
ence of ‘‘solidlike’’ and ‘‘liquidlike forms’’75 for n512 to 14,
and an aggregate with ordered core and liquid outer lay
for n5146.76 The clusters seen in the spectra of Fig. 5 co
tain considerably more than 100 monomer molecules e
Liquid or liquidlike components in individual clusters,
present at all, should be most likely close to the transit
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point from the gas to the solid phase, i.e., in spectraB,C,D,
K,L,M,S or T. In spectrumC there is indeed a distinct pea
near 2337 cm21 that shifts to 2340 cm21 and gets somewha
narrower inD. This structure is less pronounced in the tw
other series inK,L,M and in S and T, with decreasing ten-
dency. Relative to the fundamentaln3 vibration of the CO2

monomer at 2349 cm21 this structure is redshifted by 9–1
wave numbers. The cluster main structure at 2360 cm21, on
the other hand, shifts by 11 cm21 to the blue. It appears
unlikely to us in view of the discussion on CO that glas
structures can form at these relatively high temperatures

The smallest clusters are those presented in spectV
andW of Fig. 5. These were taken at the smallest sample
concentration of 11 ppm. The signal-to-noise ratio~SNR!
here is 2000 and can be considerably enhanced if lon
measurement times and optical filters are used and if spe
resolution is reduced to perhaps 0.25 cm21. We thus estimate
that with the present cooling technique cluster spectra ca
investigated even with sample gas concentrations 1000 ti
lower than the ones used, i.e., with 10 ppb CO2 in helium.
We therefore expect to be able to produce and study by
spectroscopy clusters that are much smaller in size than
ones previously investigated.

VI. DISCUSSION AND OUTLOOK

In molecular-cluster physics we have so far been in
situation where the advanced state to which simulation
theory had developed was not nearly matched by experim
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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tal work.13 The cooling method described in this article pr
vides experimental possibilities to close this gap. Conv
tional collisional cooling systems usually work with liqui
nitrogen and thus allow a reduction of temperature by
more than a factor of 4, whereas a factor of 70 is reac
with the present arrangement. Although there have b
other liquid-helium cooled cells described in th
literature,51,52 the present system, with its 20 m of optic
path length for FTIR applications, offers an optical abso
tion length 2–3 orders of magnitude higher, with a cor
sponding increase in sensitivity. The advantage of the pre
system over those using supersonic beam expansion with
nozzles1,18 or multireflection optics77 is similar. Combined
with the pulsed gas inlet system which allows rapid cool
of the sample gas, the temperature range between 4 and
offers many possibilities for the investigation of new clus
systems having a wide variety of thermodynamic proper
including a glassy structure.

That the results obtained with the new method can
important is perhaps best depicted with the structural cha
we observed in CO cluster spectra at temperatures betw
20 and 5 K~cf. Fig. 4!. To our knowledge this is the first tim
that collision-cooled molecular clusters in thermal equil
rium have been investigated with IR-spectrometric meth
in that temperature region. The results suggest that, in a
tion to CO, other molecules should be amenable as well
study of cluster formation including changes in structu
order. In fact, the cooling to temperatures where cluster
mation occurs will be much more rapid, under otherw
unchanged experimental conditions, for other substan
with higher temperatures of evaporation, thus increasing
probability of formation of glassy aggregates.

Because of the long optical paths available the pres
system offers higher sensitivity than previous ones, allow
sub-ppm sample gas concentrations to be used, which is
vantageous for the investigation of small clusters. The S
of spectraV and W of Fig. 5 allows sample gas concentr
tions down to 10 ppm to be used for the observation
cluster formation. From kinetic gas theory,78 it can easily be
concluded that for the ppb sample gas concentrations use
our system the average time between collisions at 5 K is on
the order of several seconds. At these temperatures m
mers should thus be amenable to sensitive detection by
FTIR and TDL spectroscopy.50,51 The same is true for very
small clusters to an even higher degree.

The precise control of the experiment temperature is p
ticularly important when changes in structural order of clu
ters are to be observed. This can directly be seen from Fi
Small temperature changes on the order of 1 K lead to con-
siderable changes in the spectral structures, especially at
sample gas concentrations. Our experiments show that
perature, sample gas concentration, and cooling speed ar
most critical parameters for cluster formation in collision
cooling. A meaningful presentation of the results is theref
a four-dimensional graphical arrangement of spectra~absor-
banceA versus wave numbern! grouped by temperatureT
and sample gas number densityN. A fifth quantity of interest
is time t, which directly describes the cluster formation pr
cess and can indirectly be used to get hold on the coo
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velocity and its effects on the resulting cluster structures79

The three zones of the present cooling cell allow us
submit the clusters to a temperature program. They can
heated and cooled at will during their lifetime or made
flow through zones with a temperature gradient. This
cludes the possibility of applying processes such as ann
ing, surface melting, and recrystallization. Such proces
have been dealt with in simulations, but few experimen
investigations have so far been reported.71

The possibility of adjusting and controlling the temper
ture of the mirrors not only allows us to avoid, but also
purposely induce the deposit of sample gas on the mir
and to have the deposit melt, recrystallize, and evapor
This can provide additional information on properties of t
bulk material. In addition to being operated with continuo
and pulsed gas inlet, the cell can also be used as a sens
diffusion cloud chamber80 by maintaining the bottom of the
cell at a higher temperature than the top, thus forcing
contents to circulate and undergo circulation-induced nu
ation.

Our activities in the near future will be directed towa
the combination of the possibilities of generating clusters
a different kind with a more direct determination of their si
using effects such as light scattering, sedimentation,28 and
distinct reactions of monomer molecules on the cluster s
faces, either of the same81 or of a different kind42 than that of
which the bulk of the cluster is made up. Another interest
field is probably the investigation of the effect of ultrasoun
not just on large clusters that form from smaller clusters i
second-order process82,83 but on directly generated primar
clusters from the gas phase as well. We finally believe t
the described method could provide complementary inform
tion on the rapidly developing field of molecular and clus
spectroscopy in cold helium droplets.84–86
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