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lites or planets at high spectral resolution (p1 cm21) and
high signal/noise ratio, allowing numerous spectrally re-In this paper are presented near-infrared laboratory spectra

of pure ices of CH4 , C2H4 , C2H6 , CO, and CO2 , as well as a solved absorption bands to be observed. These observa-
systematic study of changes in their spectral behavior when tions are very rich from the chemicophysical point of view,
isolated in a matrix of nitrogen ice. These studies were but need a complex and rigorous analysis to extract all
prompted by recent low-noise and high-spectral-resolution in- the information they contain. In particular, this analysis
frared observations of the surfaces of Triton and Pluto (e.g., depends on laboratory experiments: first, to determinate
D. P. Cruikshank et al., 1993, Science 261, 742–745; T. C. Owen

the spectral identity of ices or mixtures suspected to beet al., Science 261, 745–748). The data in this paper permit a
present on the observed icy surface, allowing identificationsophisticated analysis of the published Pluto and Triton spectra,
of molecules, and second, to seek chemicophysical indica-and will be useful in interpreting future observations as well. Two
tors permitting extraction of specific parameters such asdifferent techniques were employed for preparing our ice sam-
temperature and dilution state (for more details, see Quir-ples: (1) condensation of thin films on a cold window, and (2)

growth of crystals from the liquid phase in a closed cryogenic ico et al. 1996).
cell. An important result we obtained is that spectra strongly de- In the cases of Triton and Pluto, observations with high
pend on the technique used. With a closed cell, samples are spectral resolution have been obtained during recent years
formed under conditions of thermodynamical equilibrium and and their analysis awaits specific laboratory experiments.
experiments are perfectly reproducible. Additionally, the sam- Cruikshank et al. (1993) and Owen et al. (1993), in part
ples formed from mixtures of N2 and CH4 , in the closed cell, show on the basis of some data contained in this paper, identified
characteristics consistent with the N2 : CH4 phase diagram ob-

new molecules on the surfaces of Triton (CO, CO2) andtained by A. I. Prokhvatilov and L. D. Yantsevich (1982, Sov. J.
Pluto (N2 , CO), and furthermore gave information aboutLow Temp. Phys. 9, 94–98). On the other hand, it appeared that
the physical state of some molecules. In particular, thesethis is not at all the case with thin films. Assuming that the sur-
authors found that the positions of the CH4 bands con-faces of Triton and Pluto are in thermodynamical equilibrium,
tained in the spectra were all shifted with respect to purethe closed cell technique is more appropriate. Finally, the mea-

surements conducted with different closed cryogenic cells show CH4 ice, and have interpreted this shift as indicating this
that the peak frequencies of the bands of the CH4 molecule iso- molecule is diluted in solid N2 .
lated in solid N2 are shifted with respect to pure CH4 ice and are The aim of this paper is to present some useful
also dependent on the temperature and crystal phase of solid N2 experimental data for the analysis of spectra of icy
(a vs b). These dependencies have been precisely measured, and surfaces, especially those of Triton and Pluto. In the
it is shown how they could be used to determine the CH4 dilution first step, we describe in detail the experimental and,
state and the temperature at the surfaces of Triton and Pluto

more precisely, the optical cells specifically designedto higher precision than has been previously achieved.  1997
and built to grow thick icy crystals. We then present

Academic Press
laboratory spectra of the CH4 , C2H4 , C2H6 , CO, and
CO2 molecules diluted in solid nitrogen and as pure
ices.1. INTRODUCTION

Next, we present a systematic study of the effect of
temperature and concentration on the spectrum of the CH4The development of powerful infrared detectors has per-

mitted new infrared observations of icy surfaces of satel- molecule diluted in solid N2 at low concentrations (from
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FIG. 1. General view of a closed cell. Gas is injected through the gas inlet (8). Heaters (6) and (7) control the thermal gradient and the cell
temperature. Temperature measurements are performed with two silicon diodes (4) and (5). Two windows (2) allow the infrared beam to cross the
cell.

and Pluto, and will continue to be of use as new measure-p3800 to 11,500 cm21). This study contains the laboratory
ments of these objects are made. In particular, it is neces-data used by Cruikshank et al. (1993) and Owen et al.
sary to understand better the origin of the shift of the CH4(1993), but also new results obtained mainly using closed
bands contained in astronomical spectra with respect tocryogenic cells. The data presented here are necessary to

help interpret the current spectral observations of Triton those of pure CH4 ice measured in the laboratory. This

TABLE I
Main Physical Properties of the Pure Ices N2 , CH4 , C2H2 , C2H6 , CO, and CO2

Note. The highest-temperature crystal phase is by convention called I, and the others are numbered
with decreasing temperatures; for N2 and CO, the a phase is the coldest. The labels o–o, o–p, and
o–d indicate orientationally ordered, partially ordered, and orientationally disordered, respectively.
[1] Scott 1976; [2] Calvani et al. 1992; [3] Rytter and Gruen 1979; [4] Wisnosky et al. 1983a,b; [5]
Löwen et al. 1990; [6] Löwen et al. 1989; [7] Falk 1987.
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TABLE II
Main Spectroscopic Studies on the N2 , CH4 , C2H2 , C2H6 , CO, and CO2 Molecules,

as Pure Ices and Diluted in Matrices

study can help us to derive new information about the 2. DESCRIPTION OF THE EXPERIMENTAL SETUP
physical state of CH4 , and recent progress on this subject

Our experimental setup consists of a FTIR spectrometerwill be presented in other papers (Quirico et al. in prepara-
(Nicolet 800) that records transmission spectra and a cryo-tion, Douté et al. in preparation). Finally, we conclude
genic system used to produce ice samples.the paper by exposing briefly the way these experimental

results could be applied to the spectral analysis of Triton The cryogenic system consists of a high-vacuum optical
cell with KBr windows at both optical ports, maintainedand Pluto spectra.
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TABLE II—Continued

Sample and Spectral range Measurement and/or
Particular points

under vacuum (less than 1027 mbar), and placed in the the intensity of the reflected laser beam, as well as the
magnitude of the interference fringes. The crystallographicsample compartment of the spectrometer. Inside this opti-
quality can be evaluated by means of specific absorptioncal cell, a sample holder is fitted at the top of the cold
bands induced by crystal defects and, more generally, byfinger of a closed-cycle He cryostat, with its temperature
the linewidth temperature dependence (Foggi and Schet-monitored using calibrated silicon diodes and a PID con-
tino 1992).troller (Lake Shore DRC-93CA). Two types of sample

The variable that seems to most affect the quality of theholders and techniques can be used: (1) direct deposition
films as they are deposited is the condensation tempera-on a single window (thin-film technique), and (2) crystal
ture, which should be greater than the diffusion tempera-growth from the liquid phase in a closed cell.
ture (Cardini et al. 1992); however, the deposition rate is
also an important parameter. Very low deposition rates

2.1. Thin-Film Technique
result in excellent-optical-quality films with thicknesses up
to several hundred microns (deposition for about 200 hrIn our system, thin films of ices are obtained from con-

densation of molecules on a cold MgF2 or CsI window. at 3.5 em/hr on a CsI window).
Thin-film technique presents two advantages. Experi-The thickness of the sample is measured during deposition

from the interference fringes of the transmitted and re- ments are quick and easy to perform, and films with good
optical quality of a few microns and with well-known thick-flected beams of a He–Ne laser (beam incidence, p458).

The optical quality of the film is evaluated by monitoring nesses can be obtained; however, several limitations have
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FIG. 2. Spectra of pure solid CH4 , C2H4 , and C2H6 . Experiments were performed with thin films condensed at 21 K with a spectral resolution
of 2 cm21.

to be pointed out. Contamination of the sample (especially A particular limitation occurs for molecular mixtures.
The absolute concentration in the film (with respect to theby H2O and CO2) is particularly strong for slow deposition

rates. The range of temperature that can be investigated gas phase from which the film is formed) and the way
the molecules are mixed are largely unknown. These areis restricted due to sample evaporation since the sample

is in direct contact with the cell vacuum. Finally, a limited unknowns because, as will be discussed in Section 4, mole-
cules may have different sticking coefficients at the conden-range of sample thicknesses can be prepared. During the

growth of thicker films, it becomes progressively more dif- sation temperature, and the film is not formed at thermody-
namical equilibrium. It is thus sensitive to experimentalficult to measure the thickness accurately, because of the

loss of He–Ne interference fringes. Finally, for the thickest conditions, and furthermore, complex chemicophysical
processes occur during growth (e.g., molecular diffusionfilms, poor crystal quality becomes a problem, preventing

the infrared beam from going through the sample. on the film surface).
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FIG. 2—Continued

2.2. Closed Cell Technique in the cell. The first heater is controlled by a PID controller;
the second is connected to a stabilized power supply.This technique allows crystals to be grown from the

Crystals are grown as follows. The cell is cooled downliquid in a closed cryogenic cell. A schematic view is shown
to a temperature slightly greater than the melting pointin Fig. 1. The cell (1) has two windows (2) sealed with
and the thermal gradient is established using heater (6).indium gaskets, and is connected to the finger of the cryo-
The cell is filled with gas (which condenses immediatelystat with a copper handle (3). The temperature at the top
to liquid) via the gas inlet (8). When the chamber is fulland at the middle of the cell are respectively measured
of liquid, the cell is slowly cooled down via the temperaturewith the silicon diodes (4) and (5) (at least one of them is
controller and heater (7). The crystal grows from the bot-calibrated 60.05 K). Heater (7) heats the whole cell,

whereas heater (6) establishes a vertical thermal gradient tom to the top. The temperature is stabilized when a crystal
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TABLE III
Absorption Bands of Pure Solid CH4

Note. The spectral assignment is due to Calvani et al. (1992). Suspect assignments are accompanied
by a question mark, and an asterisk indicates a new assignment we propose (see text). Modes
indicated in square brackets correspond to multivibron transitions. The dash sign means that a band
is not observed.

is obtained, and it is annealed for about 12 hr. Finally, the new cell with the help of Roberto Bini (Laboratorio di
Spettroscopia Molecolare, Florence, Italy), which providedthermal gradient is set to zero and the study can begin.

As will be seen in the following section, we had to operate very good results for sample thicknesses equal to or smaller
than 1 mm and correct results for thicknesses ranging fromslightly differently with the first closed cell we built (stain-

less-steel cell), because of its poor thermal performance, 1 to 8 mm (cell is described in detail in Bini et al. 1992).
As thick samples are of great interest for planetologicalbut it should be stressed that this is a special case.

We built three different closed cells. The first stainless- studies, we finally built a third cell especially designed for
1-cm-thick samples. It is a brass cell with CaF2 windowssteel cell with MgF2 windows allowed us to grow 1-cm-thick

samples and to collect a large part of the data contained in and with a chamber shape optimized to prevent crystal
damage on cooling (the surface/volume ratio of the cham-this paper; however, this cell was not optimized. Tempera-

ture control was difficult (high thermal inertia), sample ber has been increased as much as possible to limit differen-
tial contraction of the sample on cooling). At present, wequality was in some cases insufficient, and only one thick-

ness (1 cm) was available. Thus, we designed and built a use the last two cells exclusively.
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TABLE IV
Absorption Bands of Pure Solid C2H4

FIG. 3. Absorbance spectrum of a C2H4 : N2 mixture with 1% C2H4

compared with the spectrum of pure solid C2H4 . Both spectra were
obtained from thin films condensed and studied at 21 K. For each spec-
trum, the peak absorbance of the strongest band near 4500 cm21 has
been normalized to 1, and this normalization is used in both panels.
Absorbance is defined as log(I0/I), where I/I0 is the fraction by which
passing through the sample diminishes the intensity of the infrared spec-
trometer beam.

and experiments are perfectly reproducible (this thermal
gradient is measured on moving the infrared spot on the
sample). Some disadvantages have to be pointed out, how-
ever. In the case of molecular mixtures, a vertical concen-
tration gradient is generally observed, and the absolute
concentration cannot be accurately measured. It is also
not possible to form phases outside the thermodynamicalThe closed cell technique has several decisive advantages

over thin-film techniques. Thick samples (up to 1 cm) with equilibrium (e.g., to obtain amorphous solids). Nor is it
possible to obtain a thickness smaller than p10 em, andgood optical and crystal qualities can be obtained and these

qualities can be maintained during the experiment; the the technique is difficult and time consuming. Some of
these last points are considered in detail in Section 4.thickness can be accurately measured, and impurities are

considerably reduced relative to thin films. In addition, Nevertheless, these limitations are more than compen-
sated for by the strong advantages. The closed cell appears,crystal growth occurs under thermodynamical equilibrium,
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TABLE V 3.1. Solid Methane
Frequencies of Pure Solid C2H4 at 21 K and of C2H4 Molecules

Our measurements are shown in Fig. 2 and Table III.Trapped in a Nitrogen Matrix at 21 K (C2H4 : N2 5 1 : 100) and
They have been obtained with thin films formed on a CsIFrequency Shift between Identical Vibration Modes
window at 30 K and measured at 36 K and with samples
grown in the copper closed cell for a 1-mm thickness. The
maximum relative uncertainty on the absorption coeffi-
cients is estimated to be 10%.

Our results are in general agreement with those of Cal-
vani et al. (1992) performed at 27 K; however, slight differ-
ences are observed between the two data sets: (1) We do
not observe the second component of the n3 1 n4 mode
at 4285 cm21. (2) We measured a band at 6998.7 cm21 they
did not observe. (3) The 2n3 overtone is found at 5989.2
cm21, against 6010 cm21 [but this is probably due to a
typographical error (Calvani, personal communication)].
We also observed the splitting of the 2n1 1 n4 mode, as
well as the n1 1 n2 1 n3 vibration mode, at 7350.2 cm21,
which is observed only in phase II by Calvani et al. (1992).
A detailed study of the optical constants of pure CH4

in the visible and near-infrared range as a function of
temperature will be published elsewhere (Grundy et al.
in preparation).

In addition to these measurements, we considered theNote. Frequencies joined by a bracket correspond to different sublevels
question of band assignments on the basis on calculationsof a split band. Bands not observed are marked with dashes.
performed for the isolated CH4 molecule (Hilico et al.
1994, 1995) and also some results obtained for the CH4

molecule isolated in N2 (see Section 4). We generally agree
with the assignments of Calvani et al. (1992), except forin many cases, to be the preferable technique for planeto-
the bands peaking at 5919 and 5989 cm21 in our measure-logical studies.
ments and assigned by Calvani et al. (1992) to respectively
the n1 1 n3 vibration mode and to the [n3] 1 [n3] multivi-
bron transition [also called the two-phonon continuum (see3. SPECTRAL PROPERTIES OF MOLECULES DILUTED
Quirico et al. 1996)].IN N2 AND AS PURE ICES

We did not observe the band at 5919 cm21 for the CH4

molecule isolated in a N2 matrix. In addition, calculationsIn this section, we present experimental spectra of the
pure ices CH4 , C2H4 , C2H6 , CO, and CO2 and of these on the isolated molecule indicate that this vibration is in

strong interaction with other ones and would peak at 5851molecules (except CH4 , see Section 4) diluted in solid
nitrogen. The spectral range investigated extends from cm21 (Hilico et al. 1994, 1995). Such a frequency is shifted

with respect to 5919 cm 21, whereas the shift between purep3600 to p10,000 cm21 (1–2.7 em), and all these spectra
have been recorded under similar experimental conditions solid and isolated state does not exceed 20 cm21 for the

other bands in this spectral region. This assignment should(except CH4 , see Section 3.1): from thin films condensed
and studied at p21 K, with a spectral resolution of 2 cm21. thus not be considered definitive.

We observed the band at 5989 cm21 for the CH4 moleculeIn the specific cases of pure CO and CO2 , quick additional
experiments with the closed cell were performed with a isolated in solid N2 as a broadband at 30 K and above (Fig.

10a) and as two components peaking at 6066.5 and 6056spectral resolution of 1 cm21. Gases used were supplied by
the Air Liquide Corporation (stated purity: 99.9999% for cm21 at 17 K. According to the Calvani et al. (1992) assign-

ment, however, this band should not appear for matrix-N2 and 99.995% for other molecules).
For each of these molecules as pure ices, and in addition isolated CH4 . Thus, a multivibron transition (here [n3] 1

[n3]) involves vibron propagation which does not exist forfor pure N2 ice, we indicate in Table I the most useful
physical parameters (melting point, crystal phases, etc.). the isolated state in matrix, but only for pure ice (Quirico

et al. 1996). On the other hand, theoretical calculationsTable II lists the main papers dealing with spectroscopic
measurements on these molecules as pure ices and diluted indicate two components of the 2n2 1 n3 vibration mode

peaking at 6053.5 and 6046.5 cm21 (Hilico et al. 1994, 1995).in matrices.
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TABLE VI
Absorption Bands of Pure Solid C2H6

Thus, with respect to these points, we think it more reason- afterward; for each spectrum, the peak absorbance of the
strongest band has been normalized to 1]. First, we ob-able to assign this band to these two vibrational sublevels

of the 2n2 1 n3 mode. served a general shift of the bands ranging between 118
and 133 cm21 compared with the positions found for pure

3.2. C2H4 Diluted in Solid N2 and as Pure Ice C2H4 (Dn 5 ndiluted 2 npure). Second, some particular effects
modified each band of the spectra: the shoulder on the sideThe spectra of pure C2H4 at 21 K are shown in Figure
of several asymmetric bands changed, and the unresolved2. The absorption coefficients and the positions of the
group of bands at 4292.8, 4299.3, and 4303.4 cm21 split intobands are given in Table IV. The bands at 4701.6, 4493.0,
several components. The relative peak intensities of the4414.8, and 4185.2 cm21 are asymmetric with a high fre-
bands were also slightly modified.quency shoulder. The spectral region above 6400 cm21

is noisy; thus only accurate information about peak
3.3. C2H6 Diluted in Solid N2 and as Pure Ice

positions can be extracted. We point out that we observed
slight spectral changes with increasing thickness during The spectra of pure C2H6 at 21 K are shown in Figure

2. The absorption coefficients and the positions of thedeposition, such as a slight shift that did not exceed
1 cm21. bands are given in Table VI. We also point out that some

split bands (p3966, p4158, and p4352 cm21) were foundThe effects of dilution in a-nitrogen (1% C2H4) at 21 K
were observed in the region 4800–4100 cm21. The spectra to be very sensitive to the thickness. During deposition,

only one of the two components was observed. The secondare displayed in Fig. 3 and Table V [absorbance is defined
as log(I0/I), where I0 is the intensity of the infrared beam appeared on increasing thickness. For even thicker sam-

ples, only the second component remained.before passing through the sample, and I is the intensity



364 QUIRICO AND SCHMITT

TABLE VII
Frequencies of Pure Solid C2H6 at 21 K and of C2H6 Molecules

Trapped in a Nitrogen Matrix at 21 K (C2H6 : N2 5 1 : 100) and
Frequency Shift between Identical Vibration Modes

FIG. 4. Absorbance spectrum of a C2H6 : N2 mixture with 1% C2H6

compared with the spectrum of pure solid C2H6 . Both spectra are ob-
tained from thin films condensed and studied at 21 K. Normalization as
in Fig. 3.

similar behavior occurs for the bands at 4063.2 and 4069.5
cm21 with strong changes in relative intensities; (4) a new

Note. Frequencies joined by a bracket correspond to different sublevels band appears at 4090.0 cm21.
of a split band. Bands not observed are marked with dashes.

3.4. CO Diluted in Solid N2 and as Pure Ice

The bands measured at 21 K in the first and secondThe effects of dilution in a-nitrogen (1% C2H6) at 21 K
were observed in the regions 4500–4000 and 6000–5600 overtone regions of CO are assigned using the work of

Legay and Legay-Sommaire (1982) (Fig. 5, Table VIII).cm21 (Table VII, Fig. 4). As for C2H4 , we observed general
shifts ranging from 10 to 23 cm21 for the region 4500–4000 The spectrum of 1% CO diluted in a-nitrogen at 21 K

shows a slight shift (p11 cm21) of the peak frequencycm21 and from 18 to 33 cm21 for the region 6000–5600
cm21. Particular effects on each band appear more pro- of the first overtone and a large decrease in the band-

width: the FWHM is 2.6 cm21 for solid CO and is reducednounced than in the case of C2H4 : (1) the broadband at
4398 cm21 splits into two components at 4407.6 and 4425.3 to 1 cm21 for 1% diluted CO. A complete study of CO

diluted in solid N2 is presented in Quirico and Schmittcm21; (2) the two bands at 4157.3 and 4160.6 cm21 merge
into an asymmetric band with unresolved components; (3) (1996).
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FIG. 5. Absorbance spectrum of pure solid CO in the first and second overtone regions. The full-scale plot inside the figure shows the main
4250 cm21 band, measured on a thinner sample.

3.5. CO2 Diluted in Solid N2 and as Pure Ice were observed: 14.5, 12.3, and 111 cm21 for the 2n1 1
n3 , n1 1 2n2 1 n3 , and 4n2 1 n3 bands, respectively. We

The thin films of pure CO2 condensed at 21 K were not
also observed a new and weak band at 4676.8 cm21 which

amorphous as might have been expected (Falk 1987). We
does not appear in the spectra of pure CO2 . This band

assigned the strongest vibrational bands observed in the
could be the infrared forbidden 2n3 transition, activated in

spectra of pure solid CO2 (Fig. 6, Table IX), using the
the anisotropic nitrogen matrix. The quality of our spectra

infrared selection rules from Herzberg (1948). Using mea-
did not allow us to compare the width and shape of the

surements performed at 180 K on a sample grown in
bands.

the closed cell, we observed that the absorption bands
were slightly shifted toward shorter wavenumbers (p4

4. EXPERIMENTAL STUDY OF CH4cm21) with respect to the values found for thin CO2
DILUTED IN SOLID N2films at 21 K.

The effect of dilution of CO2 (0.25%) in the a phase
We present now a systematic study of CH4 diluted inof solid nitrogen was studied using thin-film experiments

solid N2 as a function of concentration and temperature.(Table X). On dilution, shifts toward higher frequency
This study was performed first on thin films for different
CH4 concentrations and for a constant temperature of 21
K (Section 4.1), and then on samples grown in closed cells,

TABLE VIII which allowed us to perform measurements in an extended
Absorption Bands of Solid CO

temperature range (15–63.15 K) and also for different CH4

concentrations (Section 4.2). The results obtained are inde-
pendently discussed, and finally compared with each other
(Section 4.3).

The thin-film measurements are those that were used in
Cruikshank et al. (1993) and Owen et al. (1993), and there
are at least two reasons to present them here: (1) it gives
detailed information about the spectral analyses conducted
by these authors; (2) their comparisons with the measure-
ments obtained in a closed cell give important results from
a methodological point of view.

4.1. Thin-Film Experiments
Note. The spectral assignment is due to Legay and Legay-Sommaire

Several thin-film experiments were performed, which(1982) and Legay-Sommaire and Legay (1982). Square brackets are indic-
ative of multivibron transitions. allowed us to observe the strongest CH4 bands n1 1 n4 and
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FIG. 6. (a) Normalized absorbance spectrum of pure solid CO2 . The full-scale plots inside the figure show the main bands, measured on thinner
samples. The same normalization applies to both panels. (b) Same as (a), without the inset full-scale plots.

n3 1 n4 around 4200 and 4300 cm21. We performed three At 10% concentration (Fig. 7), the n1 1 n4 and the n3 1
experiments with CH4 concentrations of 0.25, 1, and 10% n4 bands are slightly shifted (respectively 13.4 cm21 and
(nominal concentration of the gaseous mixture from which 11.9 cm21), compared with the values found for pure meth-
the film is formed), for thin films formed under quite similar ane at the same temperature. At the same temperature,
experimental conditions (condensed on a MgF2 window at the relative peak intensities are changed, and both bands
about 21 K with deposition rates in the range 0.05–0.5 are slightly broadened. With 1% CH4 in N2 (Fig. 7), the
em min21). n1 1 n4 band is broadened and shifted to about 4212.5 cm21

In addition to these three experiments, we studied two (shift: 1p9.5 cm21), compared with pure methane. This
other samples with a CH4 concentration of 1%, but under band seems to be the sum of several very closely spaced
different experimental conditions (condensation tempera- components. The n3 1 n4 band is split into two bands at
ture, deposition rate), to test the experimental reproduc- 4326.2 cm21 (shift: 123.2 cm21) and 4307.8 cm21 (shift: 14.8
ibility. cm21), and a shoulder is observed at p4340 cm21. At a

CH4 concentration of 0.25% (Fig. 3), the n1 1 n4 bandExperimental results. For the three experiments at 0.25,
presents only one narrow component at 4217.7 cm21 (shift:1, and 10% CH4 , the main effects of dilution of CH4 in
114.5 cm21). The n3 1 n4 band presents one main compo-nitrogen are a general shift of the bands compared with

their positions for pure CH4 (Table XI) and some changes nent at 4326.6 cm21 (shift: 123.6 cm21) and three additional
components at 4340, 4315, and 4309 cm21.in band profiles and peak intensities (Fig. 7).
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TABLE XTABLE IX
Absorption Bands of Solid CO2 Frequencies of CO2 Molecules Trapped in a Nitrogen Matrix

at 21 K (CO2 : N2 5 0.25 : 99.75) and of Pure Solid CO2 and
Frequency Shift between Identical Vibration Modes

We also observed the n3 fundamental band (Fig. 8). At
0.25% CH4 in N2 , this band is asymmetric and presents
four blended components. The peak frequency of the
stronger one is 3030 cm21, and the three others with de-
creasing intensity are shifted toward lower frequencies. At
1% concentration, the n3 fundamental appears as a main
band at 3015 cm21 with a shoulder on the high-frequency
wing, possibly with two components.

For the three experiments at the same CH4 concentra-
tion of 1%, we observed that the spectra are dramatically
sensitive to experimental conditions (Fig. 9). The spectral
profiles of the n1 1 n4 and n3 1 n4 bands, as well as the
positions of their components, are different from one ex-
periment to the other. The B experiment exhibits the
n1 1 n4 band split in two components, the lower-frequency
one having a frequency close to that of pure CH4 ice,
whereas a broadband is observed in the A experiment
(previously described in detail); the n3 1 n4 band has two
components, but with respect to experiment A, the low-
frequency component has a frequency close to that of
pure CH4 ice. Finally, experiment C looks different from
experiment B on the basis of the intensity of the high-
frequency component, which is weaker than for experi-
ment B.

Discussion. We now attempt to explain the concentra-
tion dependence of spectra of the three samples with 0.25,
1, and 10% CH4 and also the sensitivity of the spectra
to experimental conditions of the spectra for the given
concentration of 1%.

According to the classic treatment of molecules trapped
Note. The third column indicates the assignment we performed using in matrices, the guest CH4 molecules can exist as isolated

the assignment of the vibration modes of the isolated molecule (Herzberg molecules or as clusters of various sizes in the nitrogen
1948). Bands in Fermi resonance are indicated by ‘‘f.r’’, and the associated matrix (dimer, trimer, etc.). In the specific case of an iso-number distinguishes the different groups of bands that are interacting

lated CH4 molecule (i.e., which has only N2 molecules aswith one another.
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TABLE XI
Peak Frequencies of the n1 1 n4 and n3 1 n4 Bands of Methane for Pure Solid

and for Methane Diluted in a Nitrogen Matrix with CH4 : N2 5 10 : 90, 1 : 99,
and 0.25 : 99.75

Note. Samples are thin films condensed and studied at about 21 K.

in the b phase of solid nitrogen, because this phase is
orientationally disordered (the CH4 bands in this phase

first neighbors), the motion of the molecule in the a phase
of the nitrogen matrix is a slightly hindered rotation (Nel-
ander 1985), and we can reasonably suspect it is the same looks like those observed in the liquid). Thus, the CH4

bands for a monomer are in fact a rovibrational fine struc-
ture; however, for a cluster, the different CH4 molecules
interact with each other. The molecular rotational motion
is perturbed or no longer exists, and the profile of a band
can be strongly modified with respect to that of the isolated
molecule (monomer). Consequently, a CH4 absorption
band can be the sum of the different bands corresponding
to the monomer and the various clusters all present in
the sample, and the effect of CH4 concentration on the
shape and peak frequency of the bands can be partly ex-
plained in terms of the statistical distribution of cluster
sizes.

In the case of thin films with 10, 1, and 0.25% methane
in solid nitrogen at 21 K, changes in the cluster populations
can account for the changing shape of the n1 1 n4 and
n3 1 n4 bands. With 10% CH4 in N2 , the solid is probably

FIG. 7. Three thin-film experiments of N2 : CH4 mixtures with 10, 1,
and 0.25% CH4 concentrations, exhibiting the n1 1 n4 and n3 1 n4 bands. FIG. 8. n3 band observed for the thin-film experiments of N2 : CH4

mixtures with 1 and 0.25% CH4 concentrations. For each spectrum, theFor each spectrum, the peak absorbance of the strongest band has been
normalized to 1. peak absorbance of the strongest band has been normalized to 1.
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component, which should be the monomer band. Finally,
comparing the n3 fundamental in some of our spectra with
Nelander (1985), we find that the relative peak intensities
of the n3 band in the 0.25% experiment are in agreement
with a dominant monomer population.

In addition to these qualitative explanations, one can
use the statistical calculations of Behringer (1958), which
allow derivation of the respective numbers of different
clusters in the case of a statistical mixture. Applying these
calculations to the 0.25% experiment, we found that the
sample should contain 98% monomers; however, this
amount is not in agreement with the true cluster size
distribution in the sample, which can be roughly estimated
to be 80% monomers from the relative intensities of
the two components of the n3 1 n4 band. As a conse-
quence, we suggest that our thin films are not exact
statistical mixtures, but are in fact partly reorganized
(Jödl 1989). Different chemicophysical processes probably
occur during deposition (molecular diffusion, heating,
etc.).

Let us now consider the question of the sensitivity of
the spectra to experimental conditions (Fig. 9). Consider-
ing the N2 : CH4 phase diagram (Prokhvatilov and Yantsev-
ich, 1983), it appears that for a CH4 concentration greater
than the solubility limit (p1–2% for a-N2 at 21 K) the
N2 : CH4 mixture exists as a two-phase system, i.e., CH4-

FIG. 9. Effect of experimental conditions on spectra of thin films rich grains coexisting with N2-rich grains with dissolved
obtained from the same gaseous mixture with 1% CH4 concentration. CH4 . It is spectroscopically possible to distinguish between
The vertical dot–dash lines indicate the positions of the bands of pure

the two-phase system and the solid solution, using theCH4 ice.
n1 1 n4 band (Quirico et al. 1996). In the B experiment
(Fig. 9), the n1 1 n4 band clearly exhibits two components
peaking at p4216 and p4203 cm21, which suggests the
sample is a N2 : CH4 two-phase system (it contains both

dominated by large CH4 clusters; thus the peak positions nearly pure CH4 and dissolved CH4 in N2). The same
of both bands are close to the peak positions for pure interpretation applies to the C experiment, but in this case
methane. The slight broadening and the different relative the amount of dissolved CH4 in N2 with respect to nearly
peak intensities could be due to contributions from smaller

pure CH4 is lower than for the B experiment. At last,
clusters. With the 1% CH4 experiment, both bands show

experiment A seems to be a solid solution but, as previouslydifferent components that could be due to the monomer
observed, the sample contains a significant number of di-and small clusters. The component at 4326 cm21 of the
mers and/or larger clusters. There are three intriguingsplit n3 1 n4 band could be due to the monomer, and the
points:component at 4307.8 cm21 could be due to the dimer with

possible contribution by other small clusters. The several
components of the n1 1 n4 band could also be due to the

• Using different experimental conditions, one can ob-monomer and to other small clusters, which induce the
tain a solid solution or a two-phase system from gaseousshift of the band center (19.5 cm21) and the broadening
mixtures having the same concentration (1% CH4).of the band. With 0.25% CH4 in N2 , the n1 1 n4 and

• A two-phase system can be observed for a CH4 concen-n3 1 n4 bands further changed, consistent with the previous
tration lower than or equal to the solubility limit (1% vsinterpretation. With decreasing concentrations, the size of
1–2%), and furthermore, the respective amount of nearlythe CH4 clusters decreases and the monomer should be-
pure CH4 with respect to dissolved CH4 in N2 depends oncome dominant. The component at 4326 cm21 of the n3 1
the experimental conditions.n4 band, assigned to the monomer, does indeed become

• The solid solution contains a large amount of clustersdominant, and the n1 1 n4 band is reduced to one narrow
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FIG. 10. (a) Dilution effect on shape, position, and intensity of vibrational bands of the CH4 molecule isolated in a N2 matrix, compared with
pure solid CH4 at 21 K (thin film). Spectra of methane diluted in N2 were obtained with a 1-cm-thick crystal grown in a closed cell. (b) Same as
(a), but with a pure CH4 spectrum at p45 K obtained from a sample grown in a closed cell (Grundy et al., in preparation). The band at p9410
cm21 is supposed to be some impurity condensed on the exterior of the cell windows.

other than the monomer; i.e., it is inhomogeneous in terms two-phase system at a CH4 concentration lower than the
solubility limit. A second process is implicated, in whichof concentration and dilution state.
molecular differentiation occurs during the deposition of
the thin film. In fact, the N2 and CH4 molecules couldTwo main explanations can be proposed. First, thin films
have different sticking coefficients (the probability thatare not formed under thermodynamical equilibrium and
a molecule stays stuck on the sample surface). Theseare, in fact, more or less reorganized statistical mixtures.
coefficients could depend on experimental conditionsThe composition of a poorly reorganized sample is not
as well.consistent with the phase diagram and its spectral proper-

To conclude this discussion, it is necessary to compareties could differ considerably from those of a sample
thin-film measurements with results obtained from samplesformed at thermodynamical equilibrium. This is the case
formed under conditions of thermodynamical equilibriumin experiment A (see also Sections 4.2 and 4.3). On the
in a closed cell. This comparison is done in Section 4.3.other hand, more highly reorganized samples have proper-

ties much closer to those indicated by the phase diagram,
which is the case in experiments B and C; however, we

4.2. Closed Cell Experiments
have yet to explain the discrepancies in the amount of
nearly pure CH4 with respect to dissolved CH4 in N2 in We performed four experiments on samples grown in

closed cells, at CH4 concentrations of 0.1, 0.25, 0.8, andexperiments B and C, as well as the appearance of the
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TABLE XII
Positions of the CH4 Bands of the Isolated CH4 Molecule in Solid N2 , Compared

with Those of Pure CH4 Ice

Note. Results were obtained from closed cell samples.

2% (nominal gaseous concentrations). The last experiment, recorded while decreasing temperature for both the a and
b phases. Both heaters (6) and (7) (Fig. 1) were used toat 2% CH4 , was performed using the brass cell, whereas

the others were done in the first stainless-steel cell. limit the thermal gradient to 1 K/cm, as the large thermal
inertia of the cell prevented us from controlling the temper-In the case of 0.1% CH4 , a monocrystal formed under

a thermal gradient of 3 K/cm and with a cooling rate ature of the cell with only heater (7). The spectra of the
0.8% CH4 experiment were recorded with decreasing tem-(slope of the ramp programmed in the PID controller) of

0.4 K/hr; however, this monocrystal quickly became a poly- perature for the b phase and with increasing temperature
for the a phase. On increasing the temperature, we usedcrystal on cooling. In the 0.25 and 0.8% experiments, we

used large thermal gradients (12 and 24 K cm21, respec- only the cryostat heater (when the minimum temperature
was reached, we connected the PID controller to thistively) and a poorly controlled cooling rate and obtained

polycrystals. heater). Below 30 K, we observed a thermal gradient (3
K/cm at 16.5 K) due to heat conducted into the cell alongOn cooling, we operated differently from one experi-

ment to another, and also differently than described in the gas inlet. The 0.25% CH4 experiment was performed
using only heater (6) (Fig. 1) and, consequently, with aSection 2. The spectra of the 0.1% CH4 experiment were
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large thermal gradient within the cell (24 K/cm at 60 K to
about 4 K/cm at 20 K). Finally, the 2% CH4 experiment
was performed in the brass cell according to the general
procedure described in Section 2.

The temperature of the sample was indirectly measured
via a diode thermometer placed on the exterior of the cell.
Generally, we used crystal-phase transitions (e.g., the a–b
phase transition of solid N2 at 35.6 K) to calibrate the
temperature reading. If a vertical thermal gradient is pres-
ent inside the cell, one has to take its presence into account
as well. Because of the finite diameter of the infrared beam
of the spectrometer (f p 2–3 mm), the recorded spectrum
will be the sum of spectra at different temperatures. For
this reason, we did not keep spectra obtained with a large
thermal gradient in the cell. Finally, we estimate that the
temperature measurement accuracy is 61 K for the experi-
ment performed with the brass closed cell and 62 K for
those performed with the stainless-steel cell. For the latter
cell, the greater temperature uncertainty results from the
greater thermal inertia.

Finally, it must be emphasized that the absolute concen-
tration in the sample cannot be precisely measured. A
vertical concentration gradient is generally observed, and
so the concentration inside the sample is inhomogeneous.
We can only roughly estimate the value with respect to the
concentration of the nominal gaseous mixture. In addition,
during an experiment it may be necessary to move the spot
of the infrared spectrometer beam, especially when the
studied region becames damaged by contraction of the FIG. 11. Peak position of the n1 1 n4 and n3 1 n4 bands of the
sample on cooling, and it is possible to choose another CH4 isolated molecule in solid N2 plotted as a function of temperature.

Measurements have been performed on samples formed in the stainless-region that is much more transparent. In such a case, it
steel closed cell for 0.1, 0.25, and 0.8% CH4 concentrations.must be pointed out that the different spectra recorded

during the experiment sample regions of different concen-
trations.

Experimental results. The first important result is that is about 10 cm21. On cooling the shifts slowly increase, and
a discontinuity (in frequency) is observed at the b–a phasefor four different concentrations of methane at a given

temperature, the positions, contours, and relative intensi- transition of solid nitrogen at 35.6 K. These phase and
temperature effects also operate on the shape of the bands,ties of the bands remained unchanged, and only the abso-

lute intensity of the whole spectrum depended on concen- and their magnitude can be different from one vibration
mode of the CH4 molecule to another. Figures 11 and 12tration. This means that the concentration of CH4 has no

spectral effect within the investigated range of concentra- show the temperature dependence of the band positions.
In addition, no effects of diluted CH4 were observed ontion. Moreover, it means that measurements are per-

fectly reproducible. the nitrogen matrix.
Another important result is that the vibron–phonon cou-We concentrated our study on the strongest bands be-

tween 3800 and 11,500 cm21 and on the weak and peculiar pling band of N2 in the fundamental region, as well as the
band at 4656 cm21 in the overtone region, are identical forn1 1 n3 band at 5919 cm21. Our measurements show that

on dilution of N2 ice all these bands (except n1 1 n3) shift N2 : CH4 mixtures and pure N2 .
We now look in detail at the n1 1 n4 and n3 1 n4 bands,to higher frequency compared with pure methane, and the

n1 1 n3 band disappears (Fig. 10; Table XII). Comparing because they were both observed with thin-film experi-
ments, and also they are particularly interesting from aspectra of pure and diluted methane near the melting point

(63.15 K), we found that the minimum value of these shifts planetological point of view (they are very well observed
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in Triton and Pluto spectra). The n1 1 n4 band is narrow tions, the molecules in a crystal can reorganize during the
crystal’s growth to minimize energy, i.e., to have CH4 mole-and its profile (Fig. 13) and peak frequency (Fig. 11)

are poorly temperature and phase dependent (dn/dT 5 cules as widely separated as possible.
Consistent with this picture, the effects of the crystalline0.05 cm21 K21 in the b phase and 0.15 cm21 K21 in the

a phase with a frequency shift of 0.5 cm21 at the phase phase of N2 and of temperature can be interpreted as
transition). It is thus not a good temperature indicator, but environmental changes that perturb the motion and inter-
provides a means of distinguishing between a solid solution nal vibrational energy levels of the isolated CH4 molecules.
and a two-phase system for the N2 : CH4 mixture (Quirico The phase effect could be due to the different structures
et al. 1996). The n3 1 n4 band is much stronger (Fig. 13) and of the two crystalline phases of solid nitrogen, i.e., different
its profile is significantly temperature and phase dependent potential cages containing the CH4 molecules and different
(Fig. 11). Below 20 K, the n3 1 n4 band presents one strong dynamical interactions with the neighboring matrix mole-
component at 4326.6 cm21 and three smaller bands at cules. Finally, the temperature effect occurs on both the
4308.8, 4315.5, and 4338.5 cm21. Above 20 K, this structure position and the profile of the bands and has two main
disappears and the band is asymmetric up to the phase origins: (1) dependence of the volume of the unit cell of
transition of solid nitrogen at 35.6 K (Fig. 13). The peak the matrix, i.e., the potential cage becoming larger or
frequency of this band is strongly temperature and phase smaller, and (2) the phonon–phonon interaction (thermal
dependent: it is almost constant up to 25 K, but decreases agitation) (Jödl 1989). These, however, are very general
nonlinearly from about 4326 to 4321 cm21 between 25 and explanations. More knowledge of the interactions of CH4

35.6 K (Fig. 11). At the phase transition, it suddenly shifts with the nitrogen matrix is needed before these effects
(frequency jump of about 7 cm21), and in the b phase, will be understood. For the moment, for planetological
from 35.6 to 63.15 K, the peak frequency is not very studies, we can fruitfully apply what we have already
sensitive to temperature (dn/dT p 0.045 cm21 K21). As learned.
a consequence, the n3 1 n4 band is a good temperature

4.3. Comparison between Thin Films and Closed
and phase indicator.

Discussion. By comparing the integrated intensity of Cell Experiments
several bands for the four experiments, we calculated that

We now consider the intriguing discrepancies betweenthe concentration ratio between the 2 and 0.1% experi-
results obtained with thin films and closed cells. Two dis-ments was about 18 at the point selected for measurement.
crepancies are particularly striking:The concentration in the sample is different from that of

the gaseous mixture due to the differentiation that occurs
1. Experiments are perfectly reproducible in a closedduring crystal growth (see Section 2.2). As no spectral

cell and not reproducible at all with thin films.change was observed on increasing the concentration by
2. Spectra are independent of CH4 concentration witha factor of 18, we conclude that in these experiments the

a closed cell and are dependent with thin films.CH4 molecules all exist as monomers in the nitrogen
matrix.

Let us consider the spectral profiles of the n1 1 n4 andThe N2–CH4 phase diagram (Prokhvatilov and Yantsev-
n3 1 n4 bands, comparing the thin-film experiments atich 1983) shows that for low concentrations of CH4 (less
0.25% CH4 in N2 with the closed cell experiment at thethan 1–2% for the a phase and less than 3–5% below 40
same temperature (Fig. 14). The slight differences (a slightK for the b phase) the N2–CH4 crystal is a simple solid
shoulder on the low-frequency wing for n1 1 n4 , a compo-solution. In a closed cell, a sample is formed in thermody-
nent near 4308 cm21 for n3 1 n4) can be explained by thenamical equilibrium with the liquid phase. In other words,
presence of clusters in the thin films, whereas inside thethe microscopic aspect of the crystal (solid solution vs two-
sample grown in a closed cell all CH4 molecules are per-phase system) should be predicted by the phase diagram.
fectly isolated. We note here that the thin film with 0.25%The solid solutions we observed in our cells are consistent
concentration is dominated by the monomer but containswith the phase diagram, since the CH4 concentrations were
small clusters, which was previously suggested by the statis-lower than the CH4 solubility in N2 . It is now possible to
tical calculations of Behringer (1958). This comparisonunderstand the perfect reproducibility of our closed cell
gives us a third discrepancy:measurements. Since all samples formed under conditions

of thermodynamical equilibrium, the distribution of CH4

in the N2 was the same for all experiments; i.e., all CH4 3. Perfect isolation of CH4 is obtained in the closed cell
for high concentrations (up to p2%), whereas isolation ismolecules exist as monomer in solid N2 . Under such condi-
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FIG. 12. Peak position of eight bands of the CH4 molecule isolated in solid N2 plotted as a function of temperature. Measurements have been
performed on samples formed in the brass closed cell.

only partial for thin films with much lower CH4 concentra- be explained by the differentiation process; i.e., CH4 mole-
cules stick much more efficiently than N2 molecules. Intions.
other words, the sticking coefficient of CH4 at 20 K would

It is now possible to clarify these discrepancies in the be greater than that of N2 .
light of the previous discussions in Sections 4.1 and 4.2.
The fact that closed cell samples are formed at thermody-

5. IMPLICATIONS FOR TRITON AND PLUTOnamical equilibrium explains both the reproducibility of
the spectra and the lack of dependence on CH4 concentra-

The experimental data previously described can be usedtion. On the other hand, the strong sensitivity of thin-film
spectra to experimental conditions is due to the fact that to analyze the spectra of the icy surfaces of Triton and

Pluto. In particular, the systematic studies on CH4 dilutedthey are partially reorganized statistical mixtures (reorga-
nization processes directly depend on the experimental in solid N2 could give interesting information on the dilu-

tion state and the temperature of the surface ices ofconditions) and also to differentiation occurring during the
growth of the film. This differentiation effect also explains these bodies.

The first important point to discuss deals with the choicethe third discrepancy. To explain the partial isolation of
CH4 , it is necessary to consider that thin films are more of the experimental data: thin-film vs closed cell experi-

ments. The surfaces of Triton and Pluto are presumablyCH4 rich than the gaseous mixture. This enrichment can
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FIG. 12—Continued

in thermodynamical equilibrium with their atmospheres of the isolated CH4 molecule are temperature dependent.
Thus, the peak frequency-versus-temperature curves (Figs.(Conrath et al. 1989, Broadfoot et al. 1989). In other words,

the ices are formed by condensation of the gas under condi- 11 and 12) could be used as a spectral thermometer. We
also point out that the data concerning C2H4 , C2H6 , CO,tions of thermodynamical equilibrium. From this point of

view, the closed cell experiments appear to be the preferen- and CO2 molecules diluted in N2 presented here should
be used with caution because they were obtained fromtial laboratory data to use, despite the fact that the samples

are crystallized from the liquid phase. Thus, the analyses thin-film experiments. They can only give a rough evalua-
tion, and new laboratory studies performed in a closed cellof Cruikshank et al. (1993) and Owen et al. (1993), on

the basis of thin-film experiments, should be seen as a are necessary.
In closing, we point out that the analysis of Triton andpreliminary step. Further analyses should use the new labo-

ratory data presented in this paper. Pluto spectra still calls for additional laboratory data. In
particular, a systematic study of N2 : CH4 mixtures for highUsing our data, one could expect to extract the dilution

state of CH4 and the temperature of the solid solution CH4 concentration is very important for Pluto and is in
progress. We performed several experiments that allowedfrom telescopic data. The laboratory data clearly show that

the absorption bands of CH4 isolated in solid N2 are shifted us to investigate the N2 : CH4 phase diagram. These results
have been very briefly presented in Quirico et al. (1996),to higher frequencies relative to those of pure CH4 ice.

The frequency of CH4 bands is thus a good dilution state and will be more completely presented in another paper.
Another paper that should be published in the near futureindicator. We have also shown that the absorption bands
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contains a systematic study of CO isolated in solid N2 .
Finally, additional experimental studies will be prompted
by future results obtained from ongoing observations of
Triton and Pluto as well as more advanced spectral
analyses.
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