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Using infrared laser-excited vibrational fluoresCence, 

lifetimes. have been measured for HCl (v=l,Z) in Ar as a function 

of concentration and temperature, and for dilute samples of 

DCl (v=Z) in Ar as a function of temperature. For dilute _ 1 
( sec) 

samples at 9 K, the non-radiative decay rates/are (8.1 ± 0.7) 

x 10Z and (3.8 ± 0.4) x 10 3 for HCl (v=l,Z), and (l.Z ± O.Z) 

x 10Z for DCl (v=Z), respectively (the DCl decay may be 

partially radiative). These rates increase slightly (less 

than a factor of Z) between 9 and Zl K. The results are 

consistent with a relaxation process in which the rate-

determining step is intramolecular V+R transfer. No fluorescence 

signal is observed upori excitation of the overtone of the HC! 

dimer in Ar implying that relaxation of the dimer is faster 

than 0.3 ~s. In concentrated samples the relaxation rate for 

HCl (v=l) (but not v=Z) increases, due to energy-migration 

aided V+V transfer to dimers, which are an energy sink. It is 

argued that this system belongs to the "fast migration" regime. 

In N,Z and 0z matrices, there is no fluorescence following 

excitation of HCl (v=Z), presumably due to rapid V+V transfer 

to the host. Spectroscopic measurements of overtone absorption 

transitions are reported. A measurement of the integrated 

absorption coefficient for HCl in Ar indicates that the 

transition dipole moment differs less than 9% from the gas 

phase v.alue. 
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Studies of vibrational relaxation and energy transfer in 

simple condensed phase systems are beginning to yield many 

interesting results. l A variety of processes may follow 

vibrational excitation of a diatomic or the lowest energy mode 

of a polyatomic guest species in a simple solid host: 1) 

the molecular vibration may relax by radiative decay; 2) the 

vibration may relax by coupling with delocalized lattice 

phonons (V+P); 3) the vibration may relax into modes localized 

at the lattice site of the guest, such as guest rotation (V+R); 

4) vibrational energy may be resonantly transferred from one 

guest molecule to another leading to energy migration; 5) the 

excitation may be non-resonantly transferred to a chemically 

different guest species; and 6) a chemical reaction of the 

excited molecule may occur. Processes 2 an~ 3 are the 

mechanisms for vibrational relaxation of an isolated guest 

species and are collectively labeled V+R,P processes. 

Processes 4 and 5 areV+V processes. 

Experimentally observed vibrational relaxation times of 

matrix isolated species range over several orders of magnitude. 

Molecules with large vibrational frequencies and large moments 

of inertia (hence small B constants) relax very slowly. The 

vibrational lifetime of CO in Aror Ne m~trices is 14 ms and 

energy decay is radiative. 2 Homonuclear diatomics relax even 

more slowly. The vibrational relaxation time of C2 in Kr 

is 288 ms,3 and those of N2 (XlL) in solid Nz
4 and N2 (A3L) 
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in rare gas matrices 5 are about one second. The vibrational 

6 lifetime of N2 in pure liquid N2 exceeds 56 seconds. Molecules 

with smaller moments of inertia relax more rapidly. Vibrational 

relaxation of OH/OD (A2E+)7 and NH/ND (A3rr)8 in rare gas solids, 

the v2 mode of NH3 in N2 ,1,9 and the v3 mode of CH 3F/CD 3F in 

Kr lO occur on a 1~10 ~s timescale. In these hydride/deuteride 

systems as well as in NH(Nri (X3E) in Ar,ll the hydrides are 

observed to relax more rapidly than the deuterides. Bondybey 

and Brus 7,8 were led to propose that guest rotation is the 

accepting mode for vibiational relaxation. 1 Legay has cor-

related existing experimental data to this hypothesis with a 

good degree of success. Radiative decay competes with and 

can be faster than relaxation into rotation for molecules with 

large moments bf inertia. Processes 1 and 3 appear to be more 

important than process 2 for vibrational relaxation in solids. 

Resonant and non-resonant energy transfers (processes 4 

and 5) which lead to concentration of vibrational energy on a 

small number of highly excited guest molecules have been 

reported for CO in Ar and Ne. 2 Long-range energy transfer 

unaided by energy migration has been reported for NH/ND (A
3rr) 

12 as the energy donor to various acceptors. Pimentel and co-

workers reported the first IR-induced reaction in 1960, the 

cis-trans isomerization of matrix-isolated HONO. 13 More 

14 recently, Ambartzumian and co-workers have reported the 

dissociation of SF6 in an Ar matrix following absorption of 

many photons at 10.6~. Davies et al.
15 

have observed the 

isomerization of various isotopic forms of Fe(CO)4 in an Ar 

matrix following excitation of the CO stretching mode. 
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We have studied vibrational r~laxation and energy trans-

fer processes of matrix-isolated HCl and DCl using laser-

excited vibrational fluorescence. The HCl system is a parti-

cularly useful prototype. HCl is a stable molecular species 

-of which solid solutions of known concentration can be prepared. 

The vibrational spectroscopy of matrix-isolated HCl and DCl 

has been extensively studied, both experimentally16 and 

theoretically,17 and the forces responsible tor. the spectral 

b · k 17 pertur atlons are nown. The HCl-Ar interaction has been 

well studied in the gas phase by molecular beam scattering18 

and by spectroscopic observation of the ArHCl van der Waals 

molecule. 19 - 2l A single potential function for HCl-Ar whith 
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. 22 
describes matiy phenomena of the HCl-Ar ~ystem has been proposed. 

Finally, vibrational relaxation of HCl by Ar in the gas phase 

has been studied. 23 

The present studies are performed in the ground electronic 

state; thus, ~elaxation processes involving other electronic 

manifolds 24 cannot occur. HCl and DCl are found to decay non.:. 

radiatively in an Ar matrix. HCl relaxes more rapidly than 

DCl and thus dominance of the V~R relaxation process is inferred. 

The concentration dependence of the relaxati~n rate of HCl 

Cv=l) inAr is due to energy migration-and non-resonant V~V 

transfer to the HCl dimer, which· relaxes much more rapidly 

than the monomer. 

The experimental techniques for matrix preparation, 

spectroscopy, and fluorescence studies are presented in 

Section II. The spectroscopy and energy level -structure of 



matrix-isolated HCI and DCI are treated in Section III. 

Kinetic results for HCI in Ar, N2 , and 02 matrices and pre

liminary results for DCI in Ar are presented in Section IV. 

The results are interpreted in Section V in terms of V+R 

relaxation, and the concentration dependence of the v=l 

relaxation rate is analyzed. 
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Matrices were prepared using a pulsed deposition technique 
',. 

under a variety of conditions: either two or four pulse/min 

at an average deposition rate of 5-30 m-moles/hr (total matrix), 

and at deposition temperatures between 9 and 20 K. Argon 

matrices of HCl prepared by pulsed deposition exhibit a greater 

degree of isolation (less polymer) than matrices prepared by 

continuous deposition at the same average rate ,under otherwise 

identical conditions, 25 in 'agreement with previous comparisons 

. 26 27 of pulsed and continuous deposition technlques.' Samples 

of pre-mixed gas were deposited onto a sapphire window mounted 

on a closed-cycle helium refrigerator (Air Products, Displex 

CSA-202) capable of cooling to 9.1 ± 0.3 K. Temperatures were 

measured to an accuracy of 0.3 K with ani~on-doped gold (0.7 

at. %) vs KP thermocouple'which'wai calibrated against a hydrogen 

vapor pressure thermometer in the range 14-22 K. Temperatures 

above 9 K were maintained by passing a dc current through a 

resistive heater wrapped around the cold station. 

Gas mixtures were prepared on a mercury diffusion'pumped, 

greased ~acuum line, capable of producing a vacuum better than 
-6 1 x 10 Torr, and having a combined outgassing-leak rate of 

less than 2 x 10- 5 Torr/hr. Since HCl adsorbs slightly on 

glass walls, the 5 Q, sample bulbs wer'e flamed before use and 

HCl pressures were equilibrated before addition of the matrix 

gas. Gas mixtures were allowed to stand at least eight hours 

before use to ensure complete mixing. The mole ratio in the 
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matrix was assumed to be the same as the gas mixture. Pres-

sures were measured with a mer~ury triple-McLeod gauge and a 

mercury manometer with accuracies of better than Z%~ 

DC1 was prepared by photochemical reaction of DZ and C1 Z 

in excess DZ. The C1 Z is entirely consumed by the reaction 

and the excess DZ removed by distillation. Other gases used 

were: HC1 (Matheson Electronic Grade, > 99.99%), DZ (Matheson 

CP, >' 99.5% d, < 0.03% non-hydrogen impurities), C1 Z (Matheson 

Research Purity, > 99.96%), CO (Matheson Research Purity, > 

99.99%), Ar (Matheson Ultra-high Purity, > 99.9995%), NZ 

(Matheson Research Purity, > 99.9995%), and 0z (Matheson 

Res~arch Purity, > 99.99%). HC1 and Del were distilled at 

least once between an isopentane-n-pentane slush (139 K) 

and liquid nitrogen. Before preparing a matrix sample, the 

HC1 and DCl were subjected to at least one freeze-pump-thaw 

cycle.Ar, NZ' and 0z were withdrawn from a bulb with a cold 

finger immersed for several hours in liquid nitrogen. 

Occasionally, the Ar was used directly from the cylinder. 

Infrared absorption spectra were recorded on a Beckman 

IR-IZ spectrometer with a resolution of about 1 cm- l . Every 

matrix sample studied was characterized 'quanta ti vely us ing 

integrated peak absorbances, with estimated errors of 15% 

for 30-50% absorbing peaks, and up to Z5% for weakef peaks. 

Overtone absorption spectra of very thick matrices were 

recorded on a Cary 14 spectrometer with a resolution of 
-1 -1 -1 -1 3 cm at 5600 cm ,and 1.5 cm at 4100 cm The accuracy 

of the Cary 14 was calibrated to within O~7 cm- l at 5600 cm- l 
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by the v=O ~ v=2 absorption spectrum of _g~seous I:ICI. 28 . 

. , 

The fluorescence experiments were initiated by narrow 

bandwidth pulses from a Nd:YAG laser-pumped optical parametric 

oscillator (OPO) ·tuned toone of the absorption lines of the 

guest species being studied. Vibrational fluorescence from 

the excited sample was detected by a photoconductive infrared 

detector. The po~t~detector electronics depended upon the 

particular experiment. Three types of fluorescence experi-

ments were performed: time-resolved emission studies~ emission 

spectroscopy, and fluorescence excitation spectroscopy. An 

overall schematic for the fluorescence experiments is shown 

in Fig. 1. The OPO and fluoresc.enc.e detection equipment have 

b d ' d·' 1 29 een lscusse preVl0US y. The IR pulses had the following 

characteristics: at 1.8 ~, 13 ~J/pulse, 200 ns duration; at 

2.4 ~, 2S ~J/pulse, 80 ns duration; at 3.S ~, < 2 ~J/pulse, 

-40 ns duration; a repetition ~ate of up to 7S Hz; ind a spectral 

linewidth of 0.2-0.3 cm- l . 30 ,3l The OPO idler frequency was 

calibrated by single beam absorption spectroscopy on HCl or 
1 -1 DCl to an accuracy of 1 cm- , and a repeatability of 0.3 cm 

The infrared beam was collimated by a 2S cm focal le~gth 

lens and directed into the matrix. Two excitation geometries 

were used. For some experiments in which the first. overtone 

(~v = 2) is excited, the IR beam was passed through the matrix 

toward the infrared detector (the final two mirrors in Fig. 1 

were removed). A cooled dielectric interference filter per

mitted transmission of only ~v=l transitions. In other 
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experiments. the geometry of Fig. 1 was .used. A 4 cm focal 

length CaF 2 lens focused the excitation to a spot size of 

60-80 ~ at the sample in some experiments; in other experime~ts 

the collimated beam ~as used (beam diameter of 260-370 ~ at 

the sample). Typically, the strongest fundamental line of 

the guest was SO% absorbing, which implied one or two ·percent 
" 32 

overtone absorption for HCl. Sample heating following 

focused pulsed excitation was negligible, since the thermal 
. 2S 34 decay time for Ar at 10 K 1S less than 7 ~s, ' and thus 

is faster than all measured vibrational relaxation times. 

Assuming thermal relaxation is slower than vibrational 

relaxation, a maximum temp~rature rise of 3 K is calculated 

for focused excitation of samples with M/A greater than 1000. 

Heating effects are smaller under unfocused conditions. 

A S cm f/l CaF 2 lens focused the fluorescence from the 

matrix onto a photoconductive mercury-doped germanium detec-

tor cooled to 14 K. The detector was shielded from 300 K 

background radiation and scattered light by a cooled (77 K) 

dielectric interference filter mounted inside the detector 

dewar. A second interference. filter mounted outside the , 

detector dewar further spectrally resolved the fluorescence; 

HCl v=2 + v=l fluorescence was easily resolved from v=l + v=O 

fluorescence. Depending upon the signal amplifier used, the 

time response of the detector and the post-detector electronics 

was 0.4 or 10 ~s. 

Fluorescence decay traces were recorded with a Biomation 

8100, Northern S7S"signal averaging combination. Typically 
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500 to 10,000 shots were averaged depending'upon the magnitude 

of the fluorescence signal. Single shot signal-to-noise ratios 

were as high as five when a strong absorption line was excited. 

The final decay traces analyzed usually had SIN ratios in 

excess of 30. 

Lifetimes were obtained by analyzing the decay curves as 

single or double exponentials. Amplifier distortion and finite 

SIN ratios could introduce error·into the analyzed lifetimes. 

Electronic bandwidths were chosen so. that amplifier distortion 

introduced less than 7% error in single exponential decays.2s 

For SIN ratios as low as'lO, error in analyzing single expon

entials is at most 10%, and this decreases for higher values 

of SIN. When two e~ponentials have nearly equal decay times, 

extraction of two "exact}' decay times is difficul t even with 

infinite SIN. The problem was'resolved by judicious choice 

of IR filters so that particular decay constants were measured 

'in decay traces of spectrally resolved and broadband fluores

cence (Sec. IV). When v=l of HCl was directly excited, an 

interference filter did not eliminate scattered light,since 

excitation and fluorescence frequencies were identical. Scat-

tered light saturated the detector pre-amplifier which required 

about 100 ~s recovery time. Vibrational lifetimes were measured 

from the long time tail of the fluorescence decay curves in 

these experiments~ 

A low resolution fluorescence spectrum was obtained using 

a copper-doped germanium detector with a cooled circular variable 

filter,(CVF).37 The CVF was scanned in 20 cm- l steps, and the 
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fluorescence decay cUrve at each step was integrated. The 

maj or source of error in the emission spect,rum was fluctuation 

«20%) of the OPO power during the experiment. The method of 

analysis is discussed in Section IV. ~ 

A fluorescence excitation spectrum was produced by re-. 

placing the signal averaging electronics with a gated electro-
38 meter (Fig. 1). ,The gate opened with the laser pulse and 

closed after periods up to one millisecond. The electrometer 

produced a dc output with SIN proportional to the product of 

laser pulse energy, square root of laser repetition rate, 

absorption coefficient at the laser frequency, and,decay time 

of fluorescence. With a 1 cm-l/min scan rate and 2 sec time 

constant the spectral resolution was. equal to the OPO line 
-1 width of 0.2-0.3 em Species which had fluorescence decay 

times of 5-10 ~s or longer should have produced observable 

peaks (S/N >1). 



The spectroscopy of matrix-isolated HCl and DCl has been 

well studied. 16 ,17 The monomeric and multimeric vibration-

rotation spectra of HCl and DCl in Ar are first reviewed. 

Then spectroscopy of non-rotating HCl in molecular matrices 

o~ N2 and 02 is presented. Direct spectroscopi~ observations 

of overtone absorption in so~e Ar and N2 matrices are reported. 

Finally, the absolute absorption coefficient of HCl in an Ar 

matrix is reported, from which the pure radiative lifetime is 

deduced. 

A typical absoiption spectrum of Hel in Ar is shown in 

Fig. 2. Accurate linewidths are more easily measured from 

fluor~scence excitation spectra .. Widths of 1.3 ± 0.2 and 

2.4 ~. 0.2 cm- l CFWHM) at 9 and 20 K, respectively, ~ere found 

for both RCO) and PCl) lines at MIA> 1000. 25 Assignments of 

transitions to isolated monomeric species and to molecular 

complexes' are given in Table I. HCl monomer undergoes hindered 

rotation in Ar; the main perturbation is rotation-translation 

toupling CRTC).39-4l Since the crystal potential acts about 

the center of interaction of th~ guest, which is displaced. 

from the center of mass for asymmetric molecules, the rotation 

of the guest is coupled to the oscillation of its center of 

mass. This center 'Of mass t'ranslational motion corresponds to 

a localized lattice phonon mode. 42,43 RTC produces a complic'a ted 

pattern of rotational levels and also directly couples the guest 
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local mode to the IR active guest vibration~ producing the 

QR(OO) transition (which is a ~v=l, ~J=O, ~n=l transition, 
. 40 

where n is the local mode quantum number). A weaker'pertur-

bation is due to the octahedral crystalline field of the Ar 

la ttice which remove.s the M sublevel degeneracy for all levels 
. 44 

with J > Z. This effect is manifested in the splitting of 

the R(l) transition of DCl/Ar45 (Table I). The extreme width 

of the R(l) transition of HCl/Ar (as seen in Fig. Z) is due 

primarily to coupling between J=Z and delocalized lattice 
4Z phonons, but may also reflect unresolved splitting of J=Z 

by the crystal field. A transition of HCl/Ar at Z9l4 cm- l 

17 has been assigned as R(Z) by Barnes. Extension of Friedmann 

~nd Kimel's treatment of RTC4l to include J=3 predicts an 

R(Z) transition at 2917 cm- l ,Z5 in support of Barnes' assign

ment. An energy level diagram deduced from the HCl/Ar spectral 

is given in Fig. 3. 

Absorption lines due to several non-rotating molecular 
I '. 

complexes are included in Table I. Only one strong IR absorp-

tion has been assigned to the HCl dimer; several geometries 

have been proposed for this species. 46 ,47 The HCl-HZO complex 

has not been previously reported in Ar matrices. This very 

intense absorption is plainl¥ visible even when the HZO respon-

sible for it cannot be observed at .3757 3776 -1 48 The or cm 

ZOO cm- l red shift of the HCl fundamental upon complexation 

with HZO is consistent with a ZOO-300 cm-lred shift observed 

for HCl upon 

at Z864 cm- l 

. . 49 
complexation with HZO in NZ matrlces. The peak 

in Ar has been identified50 as due to an HCl-N Z 
. . 

complex. The HCl-HZO and HCl-N Z peaks are very sensitive 

lZ 
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indicators of sample purity; clean samples with neither 

absorption can be produced. 

Absorption spectra of HCl in solid N2 show no rotational 

or librational structure. 50 An isotopic doublet at 2854 and 
-1 2852 cm . has been resolved in the present study in samples 

of M/A = 780 or 1000. The spectrum of HCl/0 2 , is qu~litatively 

similar to that of HCl/N 2 . An isotopic doublet at 2863 and 
-1 . 

2861 cm is observed at M/A = 980; no evidence for rotation 

or libration is found. A plethora of p~aks between 2851 and 

2736 -lob . dOf'f 0 25 cm grow 1n su sequent to 1 US1on. 

Direct measurements of the first overtone absorption re-

quired very thick matrices. Matrices of HCl/Ar (M/A = 750), 

DCl/Ar (M/A = 740) and DCl/N 2 (M/A = 250) were prepared by 

continuous deposition at 12 K at an average rate of 20 m-mole/hr. 

For HCl/Ar, R(O), pel), and R(l) peaks (Table I) are observed 

in the freshly deposited HCl/Ar sample. Subsequent to dif-
-1 fusion a weak but reproducible peak appears at 5484 cm. ; the 

lattei peak is assigned as dimer.Only one peak, assigned as 

R(O), was observed in DCl/Ar, and only one peak was observed 

for DCl/N 2 . 

Vibrational frequencies and.anharmonicities derived from 

the spectra are given in Table II. Frequencies shift by only 

1% from the gas phase and anharmonicities equal gas phase values. 

The constancy of anharmonicity from gas phase to condensed 

phase has been observed in other systems. 2 ,5l 
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From a knowledge of the integrated absorption ~oefficient 

of a molecule in a solid it is possible to calculate the molec-

ular transition moment and hence, the radiative lifetime. 

However, it is difficult to measure the thickriess of an optical 

path through the matrix. Jiang et al~52 have deduced the 

absolute absorption coefficient for CO in Ar matrices and pure 

solid CO by measuring the thickness of their samples by counting 

interference fringes of a transmitted monochromatic infrared 

beam during matrix deposition. They found that the ratio of 

integrated absorption intensity of CO in solid environments 

to that in the gas phase is accounted for totally by an effective 

field factor.
52 

Likewise, Dubost and Charneau4 found that the 

radiative decay rate of vibrationally excited CO in Ar matrices 

is equal to the gas phase rate corrected for the r~fra~tive 

index of the host.
l 

Thus, the transition dipole moment for 

CO is the' Same in both the solid environment and the gas phase. 

Matrices of HCl/CO/Ar were prepared sufficiently dilute· 

(HCl: M/A = 75D - 4360; CO: M/A ~ 2040, 3940) that multimer 

absorptions were negligible compared to monomer absorptions. 

Then integrated absorption coefficient ratios of HCl to CO 

were measured. No direct measurement of the matrix thickness 

was required. The samples were prepared and spectra recorded 

at 9 or 20 K with three different spettral slit widths~ A 

planimeter was used to integrate absorbances for theseexperi

ments. The results did not vary with temperature or spectral 

resolution. The results of five samples gives a value of 
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0.55 ± 0.05 f6r the ratio of HClto CO integrated absorption 

coefficient. The indicated uncertainty is the standard de-

viation of a single. value from the mean of the five values. 

This is, within experimental uncertainty, equal to the gas 

phase ratio of 0.57 ± 0.02. 33 ,53 Thus, the transition dipole 

moment of HCl is, like CO, essentially unperturbed by the 

,matrix environment. The radiative lifetime of HCl in solid 

Ar should be given by the gas phase lifetime multiplied by 

0.54 for the local field of the solid. l . The gas phase radiative 

lifetimes for HCl v=l and v=2are 30.5 and 15 ms;54 thus, in 

solid Ar the radiative lifetimes are 16 and 8.1 ms. Gas phase 
55 lifetimes for DCl are 95 and 52 ms for v=l and v=2; thus, 

its radiative lifetimes in solid Ar are 51 and 28 ms. 

Care was taken in the above experiments to eicl~de the 

presence of HCl dimer which has an absorption coefficient 

greater than that of the monomer. The total integrated 

absorption of an HCl/Ar sample always increased after a dif

fus ion experiment when· mul timer peaks appeared. In particular, 

the total integrated absorbance was measured for samples of 

HCl/Ar of M/A = 980 and 5100 before and after diffusion. The 

spectra after diffusion consisted of three w~ll-resolved 

polymeric peaks: dimer, trimer, and high polymer. Assuming 

the polymeric species have equal transition moments per HCl 

molecule led to a value of 3t 1 for the ratio of the squared 
, 

transition moment of an HCl molecule in polymeric form to one 

in monomeric form. 
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Verstegen et al. 56 measured the absolute absorption 

coefficient of HCl in solid Arby counting interference 

fringes and found the value to be about four times greater 

in the matrix than in the gas phase. All of their spectra56 

contain significant polymer, which if weighted equally to 

monomer would increase the absorption coefficient reported. 

They concluded that the ratio of monomer and polymer absorp

tion coefficient~ was unity. The cause of the discrepancy 

between their results and the present results .is unclear. 

Nevertheless, we find the HCl/CO/Ar results compelling evidence 

that the transition moment of isolated HCl is essentially the 

Same in gas and matrix. 
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The OPO excites a single vibr~tion-rotation level of the 

guest molecule at t=O, and spectrally resolved fluorescence 

monitors the time evolution of the vibrational excitation. 

Rapid rotational equilibration following the excitation is 

assumed. In samples of low concentration where no guest-guest 

interactions occur, relaxation is due to radiative decay or 

V+R,P processes (processes 1-3) and population 'decays are 

exponential. Subsequent to excitation of N molecules to v=2, 

the populations of v=2, n 2 (t), and v=l, nl(t), evolve according 

to 

-k2l t 
= N e ' 

-k2l t 
e ] 

(1) 

(2) 

where k2l and k lO are the rates of deactivation of v=2 to v=l 

and v=l tov=O, respectively, and direct deactivation of v=2 

to v=O is neglected. When v=l is excited initially, nl(t) 

decays exponentially with rate klO' 

When the guest concentration increases sufficiently, 

guests may interact with each other bi resonantly exchanging 

vibrational quanta, and energy can migrate about the sample. 

When a second guest species is present so that energy may be 

transferred to it, a V+V decay channel opens. Systems in 

which energy migration and long-range energy transfer by 
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multipolar interactions compete with V-+R,P processes may 

exhibit time-dependent transfer rates and hence, non-exponential decay 

kinetic~. These rates depend on the relative interaction 

h d . 1,57 strengt s an concentratl0ns. Under conditions for which 

migration dominates (long times and rapid migration) the V-+V 

transfer rates are time-independent and Eqs. (1) and (2) are, 

valid; individual decay rates have V-+R,P and V-+V contributions. 

All experimental decay curves in this study have been 

analyzed using Eqs. (1) and (2). There is no clear evidence 

for long-range energy transfer in the absence of migration. 

(Decay traces of concentrated samples subsequent to matrix 

annealing appear to deviate from Eqs. (1) and (2), however.) 

A more quantitative discussion of migration-assisted energy 

transfer is presented in Section V-C. 

The HCl/Ariystem was the most extensively studied. 

Decay rates measured by time-resolved fluorescence studies 

are presented first. Then emission and excitation spectra, 

which provide additional information on the pathway of 

relaxation and the identity of relaxing species and finally, 
, , 

unsuccessful attempts to observe fluorescence subsequent to 

excitation of the dimer are described. 

TypicaL data and analysis for temporally resolved emission 

following direct excitation of HCl (v=2) in a dilute sample 

are shown in Figs. 4 and 5. The fluorescence from v=2 decays 

as a single exponential over at least one and a half decades. 
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The emission from v=l rises ~ith the same rate constant with 

which v=2 decay,s, and decays with a smaller rate constant. 

Reciprocal lifetimes, k2l and kIa' obtained by fitting the 

data to Eqs. (1) and (2~ are pr;esented in Table III for the 

case of isolated molecules. Decay times for, given expe~imental 

conditions were measured from spectrally resolved fluorescence 

and from the total fluorescence. .The latter is the sum of two 

decaying exponentials. Thus each decay rate is measured at 

least twice. The values listed are either the average of many 

measurements for equivalent conditions (the uncertainty 

indicated is the standard deviation of tbe set of measurements) 

or only one or two measurements (no uncertainty indicated). 

In. the latter case an,uncertairtty of 15% is reasonable. In 

experiments where v=l was excited directly, values for k lO 

were consistent with those deduced from the v=2 excitation 

e.xperiments. The observed decay rates are much faster than 

19 

the radiative decay rates of 120 and 63 sec- l estimated in Section 

III for HCl v=2 and'v=l in solid Ar. Hence, the radiative 

decay channel is neglected. 

Lifetimes for isolated HCl are insensitive to excitation 

pulse intensity and frequency. The energy of the excitation 

pulse was varied by use of neutral density filters. Energy 

density was varied thirtyfold by using a 4 cm focal length 

lens to focus excitation into ,the sample. The degree of 

focusing was controlled by.the position of the lens. While 

overall SIN was affected by 'the'se maneuvers, 'the temporal. 

behavior of the system was unaffected to within~he experimental 

uncertainty of 10-15%. The spectral ~idth of the OPO (0.2 cm- l ) 



is less than the width of. the He! absorption line (1-2 cm- l ) 

so it was possible to excite various portions of the line 

profile;decay times were insensitive to this. Furthermore, 

excitation of any vibration-rotatidn transition of the 

isolated monomer, P(l),R(O), R(l), and QR(OO), tesultsin 

the same decay kinetics. Excitation on different spots in 

the matrix gives the same lifetimes. 

The decay rate of v=2 is independent of concentration 

and deposition conditions for MIA = 500-10,000. In a very 

concentrated sample, MIA = 123, 'the decay of v=2 fluorescence 

becomes faster and cannot be fit by a single exponential. It 

may be analyzed as a double exponential with decay times at 

9 K of 60 and 170 1.1S and an amplitude ratio of 1. The times 

decrease by factors of 3.5 and 7 " respectively, upon increasing 

the temperature to 21 K. The temperature dependence exhibited 

by isolated molecules, Table III, is much milder. 

The decay rate of v=lat 9 K is strongly concentration 

dependent for MIA < 2000, Fig. 6 and Table IV. For MIA < 700, 

thev=l decay rate is actually faster than the v=2 decay rate. 

Equation (2) remains valid in this case, but the rise of v=l 

fluorescence corresponds to kID and the peak intensity of the 

v=l signal is reduced by the ratio of rate constants in Eq. (2). 

The rapid decay of v=l in concentrated samples was verified by 

measurement of k lO following v=l excitation:· in a sample of 

MIA = 600, klO = 5.5 x 10 3 sec- l at 9 K. For MIA = 123 no 

v=l emission was observed, arid v=2decayed non-exponentially 
4 5 -1 at rates in the range 10 -10 sec The absence of v=l 
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emission shows that klO>s x 105 sec- l Decay rates of v=l 

at 9 K, 20 K, and the ratio of decay rates at the two tempera-

tures is given for various monomer and dimer concentrations in 

Table IV. Dimer concentrations were measured relative to 
comparing 

monomer by! integrated absorption intensities. The monomer 

concentration was then calculated from the MiA value. The 

dimer c~ncentrations w~re calculated assuming that the square 

of the transition moment per HCl molecule in the dimer is 
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2.4 times that of the monomer, and is thus subject to a systefuatic 

error. Notwithstanding, kID is clearly a strong function of 

dimer concentration. Deposition conditions affect kID by 

affecting the dimer concentration. 

Both v=2 and v=l decay rates increase subsequent to 

annealing. For dilute samples, kZI increases by 20..;30% 

(MIA = 1000, 5000). The increase in kID is often a factor 

of two or more .. In concentrated samples, decays sometimes 

become non-exponential after annealing. Some values of kID 

subsequent to annealing are included in Table IV. For these 

samples the decay of v=l remains exponential. 

Fluorescence spectra using the CVF, Fig.j, show which 

vibrational levels are populated during the relaxation 

process. Further, from the relative intensities, the propor

tion of relaxation by V+Vvs V+R,P processes can be estimated. 

The spectra are insensitive to excitation line and temperature. 

No emfjf~;!ibn':froin "a:ny . \r']:b"rafionali o;l'~{wel:sr 'W'ithl v>;Z[) ):DS (obs;ec~c:wed;. 

i~T'he' "1 o\4'L:f teq lie n c y: ,tia'i"~f' 'l,Ifl th\:fl '9 i Ki' ;·ecm;iJs"s~iotiJ s:piec;t~:uni\: '.i IT"'-P ig .• ": : ",7 

£fi '~';1~" ftHie'[ tb 'trne':"pb6r['~;resdlUtTbri 'd£? th'e'C:VR C3 3:1cnCi.l ),:.;r,athe;r;.-than 

to any v=3 emission, which must peak at the pel) line near 



2646 
-1 cm Emission from v=3 is less.than 1% of that from 

v=2 under focused or unfocused excitation. 

The relative fluorescence intensity in Fig. 7 is obtained 

by integrating the fluorescence decay curve and correcting 

for radiative lifetime and optical density of the sample: 

Corrected signal = (Observed signal)/ATo ( 3) 

A is the Einstein coefficient and T is the observed decay 
-1 -1 time (k 2l for v=2 and klO for v=l). The optical density 

factor, o,equals one for 2~1 transitions. For the l~O band, 

° may be calculated for each line from the measured absorption 

coefficient, using accurate linewidths from the excitation .. 

spectra. Due to the nonuniform thickness of the matrix, the 

absorption experiments sampled shorter average· path lengths 

through the matrix than the ~luorescence experiments. 

Values of ° derived from absorption underestimate the true 

opacit~ of the matrix to fluorescence. Nevertheless, a single 

value of 0, obtained by weighting individual o's calculated 

from absorption measurements by a Boltzmann distribution of 

rotational states in v=l, is used for the entire band. 2S 

From Eqs. (1)-(3) the ·ratio of peak heights of 1+0 to 2+1 

gives a value E;, which is the number of molecules produced in 

v=l f6r each molecule excited to v~2. Figure 7 shows values 

of O.5<E;<O.8. Other methods of estimating ~ from the data 

(based on RCD) intens~ty, PCl) intensity, or known total 

amounts of sample deposited) yield O.S<~<l.:s. Thus the experi .. 

mental data limit E; only to this .range. The simplest mechanism . . 

22 
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consistent with these results is sequential V-+R,P transfers, 

v=2 -+ v=l followed by v=l -+ v=O, which gives i;=l.' Neither V-+VCi;=2) 

nor two-quantum V-+R,PC~=O)can be a dominant contributor to 

the relaxation process. The sequential V-+R,P mechanism is 

further supported by the lack of concentration dependence of 

k2l for M/A>500 CFig. 6). 

No fluorescence was observed upon direct excitation of 

the overtone of the dimer at 5484 cm- l at 9 or 20 K. In 

particular, for a sample of MIA = 670, no fluorescence was 

observed from the dimer a~ 9 K after a~eraging 1000 laser 

pulses. Upon excitation of PCl) under otherwise identical 

conditions, fluorescence averaged fot 4000 pulses produced a 

240 ~s decay Cv=2-+l) with SIN = 80. In this sample the 

fundam~ntal dimer and PCl) absorption intensities were equal 

at 9 K. In a search for dimer fluorescence, the OPO was 

moved in 0.7 cm- l increments for 15 cm~l in both directions 
-1 from 5484 cm ,and after signal averaging at each setting, 

no fluorescence was observed. In these expei~ments, the 

signal detection bandwidth was 3 MHz. If the ratio of overtone 

to fundamental absorption is the, same for dimer as for monomer, 

equal absorption intensities of dimer andPCl) mean that the 

number of molecules excited by the laser pulse is the same for 

both excitation frequencies. A dimer decay constant of 3 x 

10 6 sec- l should have been observable in these experiments. 

The fluorescence excitation spectrum in Fig. 8 shows 

isotopically resolved RCO) and P'Cl) transitions. Only peaks 

corresponding to isolated monomeric species are observed in 

excitation spectra. Searches for emission Were made with 



several samples following overtone excitation of dimersand 

other molecular complexes. The range 5720 to 5350 -1 
cm was 

scanned at both 9 and 20 K. Signals were observed only for 

isolated monomeric HCl.Even in a sample with M/A = 123, in 

which about 10% of the HCl existed in dimeric form, no dimer 

emission was observed. For the sample of M/A = 670 discussed 

above, the SIN for the pel) peak in the excitation spectrum 

was 35 at 9 K. The iniensity of dimer absorption and the lack 

of dimer fluorescence in this spectrum implies that dimers 

decay in less than 7 ~s. The value of 7 ~s as an upper limit 

for the dimer decay time is consistent with other excitation 

spectra, and constitutes a conservative bound for the dimer. 

decay time. 

In order to see the influence of impurities on the decay 

rate of isolated HCl, a sample doped with air was prepared 

(HCl/air/Ar ~ 1/0.2/930). No new peaks occurred in the 

fluorescence excitation spectrum of this sample. The presence 

of massive impurities did not affect the v=2 decay rate at all 

(see Table III) and the shortening of the v=l decay rate may 

be understood in terms of energy transfer to dimer (see Table 

IV). The amount of air present in this sample is equivalent 

to the leak rate of the apparatus integrated for 2 x 10 6 hours. 

Some preliminary results on DCI/Ar matrices are included 

in Table III. Experiments were performed exciting DCl to v=2 

on several vibration-rotation transitions and monitoring the 

spect rally and temporally resolved emiss ion. The DCl expe riments 
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were more difficult than the HCl experiments because both the 

absorption cross section arid the emission intensity are smaller 

in DCl than in HCl, and the fluorescence signal is proportional 

to the product of the two. Studies of dilute DCl/Ar samples 

necessitated rather thick samples, and the fluorescence from 

v=l was weakened severely by the optical density on v=l 

transitions. Only the k2l rate for DCl was reliably determined. 

The fluorescence from DCl (v=2) is a single exponential 

over at l~ast one and a half decades. The decay· of v=2, k 2l , 

is insensitive to wh~ch vibration-rotation transition is 

excited (P(l),R(O), and both crystal field transitions of 

R(l)), ex~ct position on the line profile excited, and degree 

of focusing of the excitation. The relaxation rate of v=2 

increases by a factor of ·1.7 between 9.and 20 K. Emission 

from levels other thanv=l or v=2 was sought with the CVF, 

and none was observed. The value of klO is comparable to k2l 

for the samples in Table III. 

Fluorescence excitation spectra of DCl/Ar, as with HCl/Ar, 

reproduce only monomeric absorption features. In particular, 

no dimer emission was observed even when excitation spectra 

were scanned as far red as 3970 cm- l . Considerations such as 

those presented for the HCl/Ar dimer yield an upper limit for 

the DCl dimer relaxation time of 160 ~s. 

The radiative decay rate for DCl (v=2) in Ar was estimated 
-1 to be 36 sec so as much as 30% of the decay ofv=2 may be 

radi~tive. The non-radiative decay rate for DCl (v=2) is at 

least 32 times slower than that for HCl (v-~). 
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D. HCl/N 2 and HCl/02~ 
~~~~~~~~~~~~~~~-~----

No fluorescence was observed when HCl was suspended in 

N2 or 02 matrices at M/A = 1000. Direct signal averaging 

experiments were performed at the v=0~2 absorption frequencies 

-1 
of 5604 and 5621 em , respectively (calculated using gas phase 

anharmonicities), as well as within a frequency range of 

10 cm- l to both sides of these frequencies in 0.7 cm- l incre

ments. If the OPO excited line center of the 0+2 absorption 

at one of these settings, comparison .to the SIN for HCl/Ar 

systems suggests a lower limit of 6 x 10 7 sec- l for the 

relaxation rate.
25 

Fluorescence excitation spectra scanned 

-1 -1 
over the ranges 5645-5511 em in N2 and 5666-5543 cm in 

02 yielded no observable peaks. Thus, no species with a 

lifetime of 10 ~s or longer was present. 

26 



The important features of the vibrational relaxation' of 

matrix-isolated HCl and DCl are as follows. In Ar, relaxation 
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is non-radiative (aided slightly by radiation for DCl). For 

HCl/Ar, k2l is independent of concentr~tion and k lO is independent 

of concentration for M/A> 2000. These correspond to isolat~d 

molecule V+R,P rates. The relaxation of HCl (v=2) is 32 times 

faster than that of DCl (v=2), and the relaxation rates in-

crease slightly (less than a factor of 2) ov'er the temperature 

range 9-20 K. The HCl (v=l) relaxation rate increases as M/A, 

decre~ses, and at M/A = 123 is too fast to be observable. 

Molecular complexes, such as dimer, relax very rapidly, as does 

HCI trapped in molecular solids. 

That HCI relaxes more rapidly than DCI is indicative of 

the role of rotation as the primary energy accepting mode, and 

will be discussed in Section A. The weak temperature dependence 

of the isolated molecule relaxation rates may be understood' 

either in terms of phonon participation in the relaxation process 

or in terms of J-Ievel dependent 'relaxation, Section B.: 

Migration-assisted V+V transfer to the dimer is suggested as 

the cause of the concentration dependence of k lO in Section C. 

The dimer~ which relaxes rapidly, is a sink for the HCI (v=l) 

excitation. A value is estimated for the dipole-dipole coupling 

coefficient between monomer and dimer. The rapid relaxation 

of the dimer and of HCI in N2 and 02 matrices are discussed in 

Sections D and E. 
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Relaxation of a molecular vibration leads to the production 

. 58-65 of 30 to 40 phonons. Theories of direct mult1phonorr transfer 

predict that relaxation rates should increase rapidly with 

temperature and should decrease as the magnitude of vibrational 

quantum (energy gap) increases. These theories are incompatible 

with the weak temperature dependence and the violation of the 

energy gap l~w for hydride~deuteride systems. 

Rotation can be an important accepting mode for hydrides 

since the change in rotational quantum number for pure V+R 

transfer is much smaller than the change in phonon number for 

1 7 8 1 V+P transfer. " Legay has correlated experimental rate 

constants with final rotational quantum number for V+R transfer, 
k ' 

J f = (v/cB) 2: 

More detailed treatments have appeared. 25 ,66,67 

For V+R relaxation in Ar of HCl v=2+l, v=l+O, and DCl 

28 v=2+l, J f = 15, 16, and 19 (gas phase B values of 10.5 and 

(4) 

5.45 cm- l for HCl and DCI and matrix vibrational frequencies). 

The increase in J f parallels the decrease in relaxation rate 

for these processes and the data fit nicely into Legay's 
, 1 

correlation. The entire relaxation process subsequent to 

excitation of v=2 of HCl/Ar is shown schematically in F~g. 9. 

The separation between J~16 and J=15 for HCl is about ~40 cm- l . 

Since it is unlikely that there will be an exact resonance 

between initial an~ final vibration-rotation levels in the 



relaxing molecule, sbme participation by phohons (especially 

local mode phonons) in the V+R step is necessary for energy 

conservation. Subsequent rotational relaxation in the high J 

levels will be a ~ultiphonon process, requiring at le~st five 

phononS of the Ar lattice in the case of HCl ielaxation from 

J=15 to J=14. 

For the V+R step to be rate limiting, R+P transfer must 

rapidly remove molecules from the rotational levels initially 

populated by the V+R transfer (Fig. 9). If such were not the 

case, infrared emission would have been observed from P and R 

lines near J f for the 1+0 transition. Furthermore, simple 

single and double exponential decays would not have been 

observed. A significant delay in levels near J f of v=l would 

give a v=2 decay rate, k 21 , faster than the observed rise of 

emission from the lowest rotational levels of v=l. In addi-
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tion, significant deviation of the v=l rotational level distri

bution from thermal would almost certainly lead to non-exponential 

decays of v=l. 
. -1 

Level widths of 0.4 and 10 cm and corresponding.R+P 

relaxation times of 10 and 0.5 psec have been calculated for 

J=l and J=2 of HCl in Ar.42 Thus, R+P relaxation of higher J 

levels in times less than 100 ps is not surprising. This rapid 

transfer among the thermally accessible J levels insures that 

the observed kinetics must be iridependent of the J level 

initially populated by the laser. The observed rates are inde-

pendent of the rotational line excited and of the precise laser 

frequency within each line. Homogeneous broadening by R+P 

transfer could account for the latter observation. 



The postulate of rotation as the accepting mode success

fully rationalizes the observation that HCl relaxes more 

rapidly than DCI, but there is no direct evidence that high 

rotational levels are in fact populated subsequent to vibra~ 

tional relaxation. This situation is ana16gous to gas phase 

vibrational relaxation in which V+R models are successful in 

correlating a great deal of experimental data, but direct 

evidence of population of a high rotational level is elusive. 68 

B. Temperature effects 
~~~~~~~~~~~~~~~~~~~~~~~~ 

The relaxation rates of HCl/Ar v=2+land v=l+O increase 

by factors of 1~5 ± 0.2 and 1.3 t 0.2 between 9 and 21 K. This 

temperature effect is quite small, but it is real and it is 

the largest reported temperature effect for V+R,P relaxation 

of a matrix-isolated species. Vibrational relaxation rates 6f 

NH and ND (A 3
:JT) are independent of temperature to within 10% 

8 for T < 25 K in Ar and T < 37 K in Kr, as are those of NH and 

ND (X3~) in Ar ·for T < 30 K.ll It has recently been observedlO 

that the decay time of isolated CH3F in Kr increases by a 

factor of about 1.2 between 10 and 60 K. Temperature dependence 

may result from phonon participation and J dependent relaxation 

rates. 

The V+R step must involve some phonon participation to 

conserve energy. For exothermic one phonon processes, the 

relaxation rate will be proportional to (I + fi), where n = 

[eXp(hCvp/kT)-l]-l is the thermal occupation .number of a phonon 

mode of frequency CV. For endothermic pro~esses rates are p 

proportional to n and the temperature dependences predicted 
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are much greater than experiment'ally observed. The temperature 

dependences of k2l and klO for HCl/Ar can be fit by exothermic 
-1 processes requiring one phonon of 12 t 5 and 20 ± 10 cm , 

respectively, Fig. 10. More than one phonon may be involved 

in the exothermic process. For higher energy phonons involved 
-1 . 69 -1 

(up to 64 cm for Ar delocalized phonons and 73 cm for 

the HCl/Ar localized mode) the temperature dependence will be 

negligible in the range 10-20 K. Temperature dependence is 

caused .only by low frequency phonons created during relaxation. 

Relaxation rates probably increase ~s the initial rota

tional level of the guest increases. Relaxation rates in the 

g~s phase increase as the velocity of the collision partners 

increase, and rotational motion effectively adds its tangential 

1 · hI· f h 11·· . 70 ve OClty to t e ve OClty 0 t e co lSlon palr. The l'inear 

translational motion in the solid arises primarily from the 

local mode oscillation of the guest. 25 At higher temperatures 

o.bserved relaxation rates should be faster than at lower tempera-

tures, since contributions from excited rotational levels are 

more heavily weighted. The relaxation rate is: 

k = L f(n,J)kn,J 
n,J 

f (n,.!) = gc'f -E(n,J)/kT 
Q T e 

where f(n,J) is the Boltzmanri factor for the translation

rotation level (n,J). Q(T) is the guest partition function 

and g J' E(n,J), and kn,J are the degeneracy, energy, and n, 

(5) 

relaxation rate of (n,J). (The translational states, n, are 
-1 

included in Eq. (5) in a formal sense only, since the 73 cm 
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energy of n=l precludes thermal ~xcitation" in thes~ experiments.) 

For Hel/Ar, the partition function can be calculated ·from the 

energy level diagram of Fig. 3: 

Q(T) = 1 + 3e~17/kT + Se- 43/ kT "+ 3e- 73 / kT + ••• 

-1 with energies expressed in cm 

cons i dere d: 

If only J=O and J=l are 

From Eq. (6) 89% of the guest Hel is in J=O or J=lat 21 K, 

(6) 

( 7) 

and even more population resides in these levels at lower 

temperatures. The data for Hel/ Ar are fit to Eq. (7), Fig. -11 . 
003 The values are: for v=2+1: k2i = (2.9 t 0.8) x 10 and 

o 1 3 -1 0 0 k2i = (7.7 t 0.3) x 10 sec ; for v=l+O: k16 = (6.~ t 2.3) 
2 0 1 3 -1 x 10 and kID = (1.4 ± 0.1) x 10 sec . The irtfluenceof 

higher levels can be estimated if a form for kn,J .is adopted. 

Assuming that kn,J increases linearly with J, kO,O is unchanged 

and kG,l is decreased about 20%. 

The temperature dependence for Hel/Ar is probably due to 

a combination of phonon and rotational effects; it is not 

possible to experimentally distinguish the extent of each. 

The smaller (null) temperature dependences of the NH and ND 

relaxation rates may be due to the higher local mode frequencies 

and larger rotational constants of NH and ND. 
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The increase of klO for HCl/Ar for M/A < .2000 indicates 

the appearance of a new deactivation chann~l. Two effects of 

increasing concentration may contribute:, 1) increased range 

of V+V transfer to energy accepting species present in the 

sample; 2) increased concentrations of energy acceptors, such 

as the HCl dimer. Long-range dipole-dipole coupling provide~ 

an explanation for V+V transfer processes between isotopes of 

CO in Arl ,2,71 and from NH and ND (A2E) to various acceptors 

, . A 12 1n r. 

The mathematical treatment of ensemble kinetics resulting 

from migration-aided energy transfer by dipolar coupling is 

problematical. In rigid phases in which donors are randomly 

distributed, a description of excitation migration in terms of 

simple diffusion is inappropriate. 72 Hopping models for 

. . . . h' b did 71, 73 Wh exc1tat10n m1grat10n ave een, eve ope . en energy 
decay , 

migration is very rapid, the/kinetics 6f non-resonant energy 

transfer to the acceptor is ,exponential and independent of 

the details of migration within the donor system. l ,S7,73 In 

the case where energy migration is ~ot so fast, the dondr

acceptor transfer kineiics following pulsed excitation have a 

non-exponential portion followed by an exponential portion. 

The mathematical form for the exponential portion of energy 
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f . h . d d h . 1 d 1 1, 5 7, 71 , 7 3 trans er 1n .t 1S case epen s upon t e part1cu ar mo e . . 

Criteria for determining boundaries between tegion~ of different 
73 kinetic behavior have been proposed, but are not established. 

It is argued below that the increase of k lO for ,HCl/Ar in 



concentrated samples is due to V-+V·transfer to the HCl dimer, . . 

that this transfer occurs in the limit of rapid excitation 

migration within the HCl monomer system, and that all transfers 

involve dipole-dipole interactions. 

The rate of energy transfer by coupled dipole-dipole 

transitions from a donor molecule, D, to an acceptor molecule, 

A, separated by a distance R is 

74 where CDA is given by Forster-Dexter theory as 

3 1 1 f 6 4 6 fD(v) fA(v)dv 
5l2n cn v TD TA 

(8) 

(9) 

where c is the velocity of light in vacuum, n is the refractive 

index of the host medium, v is the transition energy expressed 
. -1 ln cm ,TD and TA are the donor and acceptor radiative life-

times in vacuum, and fD(v) and fA(v) are the donor and acceptor 

normalized lineshaped functions expressed in cm~l. For resonant 

Lorentzian lineshapes of the same FWHM, Av, the integral is 

equal to {n6v)-1. 

Energy migration results when D=A and can be viewed as a 

hopping of excitation from one donor to another. Due to the 

strong distance dependence of the fundamental interaction, Eq. 

(8), the closest donor molecule to a particular excited donor 

dominates the energy migration process. Hence, the average . " 

hopping rate is given by 

<W> 
C 

DD P(R)dR 
IT (lor 
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P (R) (11) 

where P(R)dR is the probability that the nearest donor to the 

excited donor is at a distance between Rand R + dR,7l xD is 

the donor mole fraction and p is the density of lattice sites 

3 (number/em ). The lower limit of integration, R , reflects . o. 

the fact that the distribution of HCl monomers is not totally 

random, sirice, for example, twoHCl molecules in adjacent sites 

comprise a dimer and do not participate in energy migration.

The distribution of HCl monomer is asstimed to be random for 
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separation~ greater than Ro. All smaller separations are 

eliminated by aggregation (most likely to dimer) during deposition. 

(When Ro is larger than one nearest neighbor separation, the 

difference between an integral, Eq. (10), and a more precise 

lattice sum is at most a few percent.) The'result of integration 

gives 

<W> = 

For cases corisidered stibsequently, the second term is less 

than 10% of the first and can be neglected. 

Calculation of <W> requires values for Ro and CDD . A 

value. for 1<0 may be estimated. Given an HCl molecule at the 

origin, the random probability o~ another being ~ithin Ro of 

the first is ~ TIRo3pXHCl' where xHCl is the reciproval M/A 

value, and the probability is much less than one. The ratio 

of monomers to dimers is just half this probability: 

(12) 



Xd · 1mer 
Xmonomer 

Values of Ro are calculated from the measured monomer and 

(13) 

o 
dimer concentrations of Table IV. Ro is in the range of 4-6 A, 

for the unannealed samples, which corresponds to a physically 

reasonabl~ distance of almost two nearest neighbor separations. 

An annealing operation permits limited solute diffusion. The 
o 

increases in Ro to 13 and 19 A shown in Table IV demonstrate 

sensitivity to the precise temperature-time profile. 

For CDD , the integral of Eq. (9) becomes a Boltzmann

weighted sum of integrals for coupled transitions. The 

relevant transitions for HCl/Ar are R(O), pel), R(l), and P(2). 

Assuming Lorentzian lineshapes, the integral is 

1 11 fCn.,J.) f(n.,J.) 
7T v.. 1 1 J J 

1J 
(14 ) 

where V·· and I1V
1
.
J
. are the frequency (cm- l ) and linewidth of 

. 1J 

the transition con~ecting rotation-translation level (ni,J i ) 

of v=l with (n.,J.) of v=O. 
J J 

The average numbe.r of resonant hops made during the V-+R,P 

lifetime T of the excitation, )1.= <W> T, is calculated from 

Eqs. (9), (12), and (14), using Boltzmann factors from Eq. (6) 
o 

and an average R = 5 A. The results for v=l and v=2 excitation 
o 

are given in Table V for several M/A ratios. Linewidths used 

are 1.3 (9 K) and 2.4 J20 K) for R(O) and PCl) lines and 9 cm- l 

for R(l) and P(2) lines. 
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Most of the resonant transfer occurs via PCl) 'and R(O) 

transitions. The width of the levelJ=2 and its small thermal 

populations make the terms in Eq. (14) corresponding to R(l) 

and P(2) contribute less than 0.1% an 9 K and less than 6% at 

20 K to the resonant transfer rate. That relaxation of v=2 

should be concentration independent is immediately obvious 

upon examination of Table V, since for MIA> SOO v=2 excitation 

makes less than one hop during its V+R,P lifetime. The 

immobility of v=:=2 excitation is due to the small overtone 

transition moment, and hence a small CDD• 

It is apparent from Table V that v=l excitation moves 

substantially during its V+R,P lifetime; even in the most dilute 

sample of MIA = 10,000 v=l excitation makes a thousand hops. 

At MIA = 1000, v=l excitation makes 16,000 hops. How much 

motion of the v=l vibron is enough to be considered fast 

migration? The salient physical feat~re of the fast migration 

regime is that the excitation inhabits enough donor sites 

during its lifeti~e so that ,the entire range of D-A interactions 

is statistically sampled by all vibrons. As a criterion for 

the fast migration regime, it is required that the vibron hop to 

at least one site with a nearby acceptor, so that the strongest 

anci least probable D-A interaction is sampled. If the nearby 

acceptor were in the nearest neighbor shell, the HCl molecule 

would not be isolated, so nearby will be taken as the sphere 

of neighbors just beyond the first nearest neighbor shell 

(another choice might be the shell of neighbors at Ro). 
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For fcc lattices there ar~ 42 sites b~tween one and two 

nearest neighbor distarices. 75 - Thecdndition for fast migration 

is 

42 YlxA > 1 (15) 

where xA is the acceptor mole fraction. For MIA = 1000- at 9 K, 

the data of Table V suggest that for xA > 2 x 10- 6 , V+V trans

fer is in the fast migration regime. 

The likely acceptor for v=l excitation is the HCl dimer, 

since its infrared active vibrational level at 2818 cm- l is 

more nearly resonant with HCl monomer than with other polymeric 

species, and non-resonant V+V probabilities decrease as the 

energy gap between donor and acceptor increases. 12 Indeed, 

transfer of excitation by a coupled pel) transition of the 
" -1 

monomer with excitation of the dimer is exothermic by 36 cm , 

which corresponds to a peak in the phonon spectrum of Ar,69 

resulting in a large density of final states for this process. 

Using dimer concentrations from Table IV, Eq. (15) is satisfied 

by a factor of 5-10 at MIA = 1000, and for this and more con-

centrated samples V+V transfer to dimer is described in the 

fast migration regime. 

In the fast migration regime, all donor sites are equi-

"I t "d th . . d d f .. byl ,73 va en an e t1me-1n epen ent trans er rate 1S glven 

(16) 

where ko is the unimolecular V+R,P rate and the sum is ov~r all 

lattice points, at distances Li from the origin. Assuming that 

monomers and dimers have a minimum separation of R , the sum in o 
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Eq. (16) is evaluated as an integral to give 

(17) 

Values for CDA "for monomer-dimer coupling are calculated from 

Eq. (17) and presented for 9 and ZO K data in Table IV. 

Values are calculated only for those samples for which the 

uncertainty in (klO-ko) is less than the magnitude~ The 

- average for CDA is performed on logarithms of CDA , and the 

error is one standard deviation of the fit. 

The average CDA at 9 K, 4 x 10- 38 cm6/sec (range is Z.O 

to 8.0 x 10- 38 ) should be compared to the monomer CDD value 

for R(O) or pel) transitions, which is calculated to 'be 4.6 
-35 6 x 10 cm /sec. The value of CDA depends somewhat on the 

choice of Ro. ,If monomer-dimer pairs are allowed to occupy 

all relative positions except nearest neighbor, the CDD values 

obtained from Eq. (16) are 50% larger than those in Table IV. 

The dimer concentrations have an uncertainty Of up to a factor 

of Z due to the value chosen,for the dimer transition ,moment, 

and this uncertainty is passed on to CDA . In view of the range 

of individual CDA values, these uncertainties are not important. 

Certainly C
DA 

= 10-37.4t l cm6/sec is safe.-

It. is, conceivable that migration aids V-+V transfer to an 

unidentified trace contaminant in the system. In particular, 

the HCl-N Z complex absorption is nearly resonant with HCl 

monomer. However, the HCl-N Z complex could be reduced to 

subspectroscopic concentration and was for most samples. The 

CDA value for V-+V transfer to the dimer obtained from the 
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air-doped sample (Table IV) is consistent with values of other 

samples, so the substantial impurities present in this sample 

do not accept a large fraction of the excitation. The effect 

of systematic impurities in either the Hel or Ar reagents used 
, 25 

cannot explain the data of Table IV. The large concentration 

and near-resonance of the dimer make it the best candidate for 

energy acceptor. It is possible, however, that uncontrolled 

and often unknown (subspectroscopic) concentrations of HCl-N 2 

could be responsible for some scatter in the V+V data. 

In summary, the increase of klO with decreasing MIA has 

been interpreted as migration-aided, dipole-dipole V+V transfer 

to the Hel dimer. The migration is rapid enough to average 

all monomer sites with respect to dimers, and a value of the 

monomer-dimer coupling coefficient, CDA , has been deduced. 

Monomer-dimer coupling is 1000 times weaker than monomer-monomer 

coupling. 

No fluorescence is observed upon excitation of the HCl 

dimer at 9 or, 20' K, implying that the relaxation of the IR 

active dimer vibration is probably f~ste~ than 0.3 ~s and 

certainly faster than 7 ~s. Energy is most probably trans

ferred to the bending modes of the dimer. The higher frequency 

modes of polyatomics are known to relax rapidly by way of 

lower frequency vibrations. 76 Thus it is not surprising that 

the Hel dimer is a sink for vibrational energy. The second 

stretching vibration is unlikely to playa role if it is 
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h · h· h th . 1 I R . . b . 4 7 Ig erIn energy t an . e strong y . actIve VI ratIon. . 

If it is lower in energy, relaxation could proceed through 

the second stretching vibration ... If the two levels are 
-1 77 separated by less than 3D cm , then the second vibration 

cannot be a bottleneck in order for no dimer emission to be 

observed at ZO K. 

Spectroscopic observations indicate that at thermal 

energies below ZO K Hel does not undergo rotation in the 

molecular matrices NZ and OZ' It is unlikely that the barrier 
-1 to rotation is as large as Z800 cm ,however, so at energies 

corresponding to that of a vibrational quantum, rotational 

motion should be less restricted. Vibrational relaxation 
r 

into rotational motion should occur on a time scale similar 

to that for Hell Ar. V-+V transfer from Hel to the vibron band 

of the host lattice is a possibility in NZ and 0z host lattices 

that is not present in an Ar lattice, and it is likely that 

the lack of observable fluorescence from Hel in the molecular 

lattices is due to such rapidV-+V transfer. Transfer from 

He! to the vibron band of a-N Z at Z3Z7 cm- l ,78 is exothermic 

by about 500 cm- l and would be a low order and hence, rapid' 

process if excess energy is absorbed by local modes or lattice 

phonons.Once the excitation has entered the host vibron band 

it cannot be observed in fluorescence, although it may persist 

for times 4 It is somewhat surprising as long as one second. 

that V-+V transfer to the a-O Z vibron mode at l55Z -1 79 is cm 
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so fast that no Hel fluorescence is observed, since 1200 cm- l 

must be dissipated into phonons, local modes or rotational 

motion. However, a-02 has higher frequency acoustic modes 

than Ar. 79 
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In this work relaxation rates have been measured for 

v=2 and v=l of Hel/Ar as a function of concentration and 

temperature, and for v=2 in dilute samples of Del/Ar as a 

function of temperature. The non-radiative· relaxation rate 

for v=2 of Hel/Ar is 32-45 times faster than for v=2 of 

Del/Ar, in spite of the fact t~at Hel has a larger ~ibrational 

frequency than Del, and so must ultimately transfer more 

energy to the host lattice. The rates increase only slightly 

(less than tw6-fold), between 9 and 21 K. 7heseresults 

indicate that V+R relaxation occurs. The rate limiting step 

is creation of a highly rotationally e~cited guest molecule. 

Subsequent relaxation of rotation into lattice phono~s is 

rapid. The weak temperature dependence is due to low-order 

phonon participation and/or variation of relaxation rate with 

particular quantum level of the excited guest. 

Relaxation of Hel/Ar (v=2) is independent of concentration 

for M/A > 500. The relaxation rate from v=l is concentration 

independent for M/A > 2000, and rises rapidly for M/A < 1000. 

7he increase is due to energy-migration of v=l excitation from 

monom~r to monomer by resonant dipole-dipole coupling which 

allows energy to be irreversibly trahsferred to the Hel dimer. 

Direct excitation experiments indicate that the dimer relaxes 

very rapidiy and hence dimer, which is present in increasing 

concentration as M/A decreases, acts as an energy sink. The 

relaxation of v=2 is much less sensitive to dimer (and all 

other guest species) since resonant transfer of two quanta is 
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too weak tb produce energy migration .. It has been argued 

that for HCI/Ar migration-assisted V+V transfer to the dimer 

belongs to the fast migration regime, and the monomer-dimer 

coupling coefficient has been estimated on this basis. In 

NZ afid 0z matrices, HCI relaxation .is too rapid for observation, 

presumably due to V+V transfer to the host. 

Spectroscopic experiments show that the transition moment 

of HCI monomer in Ar is not perturbed nQticeably by the matrix 

environment. Also, the anharmonicity of HCI and DCI in Ar 

and NZ matrices is unchanged from gas to matrix. 
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Table I. Absorption frequencies of HC1 and DC1 in some matrices a 

Ar Mat"rix: 

N 
. c 

2matrlx: 

° 
. c 

2 matrlX: 

Assignment 

P (2) 

HC1-N
2 

b 

c HC1-H 20 

dimer 

timer 

R(l)d 

R(O) d 

P(1) d 

d· dimer 

monomer 

monomer 
d Monomer 

monomer 

monomer 

HC1 frequency 

2944 

2913 

2897 

2888 

2886 

2854 

2852 

2844 

2864 

2665 

2818 

2786 

5663 

5656 

5622 

5484±2 

2855 

2853 

2863 

2861 

DC1 frequency 

2149 

2108 

2099 c 

2095 c 

2090 

2088 

2070 

2067 

2061 

2073 

1935 

2040 

2019 

4117 

2067 

2065 

4080 

aUnless otherwise specified, frequencies and assignments are 
from Hallam, Ref. 16. All frequencies are accurate to t1 cm- 1 
unless other error limits are quoted. 

bprom Ref.' 50. 

cThis work. 

dOvertone absorptions from this work. 
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Table II. Frequency and anharmonicity for HC1 and DC1 in 
various matrices (cm- 1 ) 

System a b b 
00 0-+1 00 0-+ 2 00 00 x e e e ,. 

HC1(gas) c 2886 5668 2991 52 

HC1/Ar 2871 ± 1 5639 :!: 1 .2974 ± 4 52 :!: 

HC1/N 2 2855 + 1 

HC1/0 2 2863 ± 1 

(HCl)2/Ar 2818 ± 1 . 5484 ± 2 2970 ± 5 76 ± 

. c 
DC1(gas) 2091 4128 2145 27 

DC1/Ar 2080 :!: 1 4107 ± 1 2133 ± 4 27 + 

DC1/N 2 2067 + 1 4080 + 1 2121 + 4 27 + 

a Values used are 
35 

for the C1 isotope. 

b Pure vibrational frequency is [wR(O) +oop (1)]/2. 
c From Ref. 28. Uncertainties are less -3 than 10 cm -1 

52 

2 

2 

2 

2 

. 



Table III. Relaxation rates for isolated molecules in Ar (103 ~ec-l) 

M/A 
9.1 12 14 IS 

HCl:v=2+l 

S27±S 3.S9±0.07 
670±20 a 3.7±0.3 
930±30 3.6±O.S 
960±20 4~2±0.6 
980±30 3.8±0.6b 2900±30 4.7±1:2 

4.7 4.6 
4.7±1.0 

SlOO±lOO 3.7±0.2 4.S±0.6 S.3±0.8 

T(K ± 0.4) 

16 17 

4.2 
S .. 7±0.7 

S.6 

18 

4.9 

S.6±0.S 

19 

S.l±O.S 

20 

S.S±0.2 
4.9 

6.3±0.2 
S.8 

10,OOO±1000 3.7±0.2 4.S±0.2 4.6±0.2 4.9±0.3 S.4±0.8 4.6: 4.9±0.3 
Average 3.8±0.4 4.6+0~S S.7±O.6 

HCl:v=l+O 
2380±60 c 
2900±30 
SlOO±lOO 

10,000±1000 
Avera~e 

DCI:v=2+l 
3270±60 
4800±100 

Average 

.0.88±0.09 
0.84±0.09 
0.76±0.09 
0.7S±0.02· 
0.8l±0.07 

0.11±0.01 
0.12±0.01 
O.12±0.02 

0.82 

0.8S±0.10 
0.77 

0.8l±0.04 

0.13 

0.89 

0.98 

O.lS 
D.I4±0.02 

0.96 
1.0 

0.82±0.OS 

0.17 
0.18 
o:T8±O.Ol 

a Air-doped sample: HCl/Air/Ar = 1/0.2/930. 

b Value discarded in computing averages. 

c Direct v=l excitation. 

d l7.S K .. 

1.Od 
1.1±0.1 

0.89 
1.0 

0.19 0.20±0.01 

21 

S.6 

6.2±1.6 
6.0 

1.2 
1.l±O.l 

0.93 

l-:T±O .1 

U1 
(,N 



Table IV. HCl v=l-+O Relaxation data and monomer-dimer coupling coefficients 

MIA 

l23±2 

527±5 
"600±30d 

670±20 

920±30 d 

920±30 e 

930±30 f 

960±20 

980 ± 30 

990±20 

1000±20 

2380±60 d 

2900±30 

5l00±100 

5100±100e 

-3 
Mole fractions (10 ) 

x monomer 

6.6 ±O.l 

1. 78 ±0.02 

1.58 ±0.08 

1. 46 ±O. 06 

1.00 ±0.03 

0.50 ±0.02 

1.00 ±0.03 

1.03 ±0.03 

1.00 ±0.03 

0.91 ±0.03 

0.89 ±0.02 

0.38 ±0.01 

0.345±0.003 

0.196±0.004 

0.118±0.006 

xdimer 

0.68 ±0.01 

0.049±0.005 

0.028±0.002 

0.030±0.005 

0.033±0.003 

0.14 ±0.02 

0.026±0.003 

0.017±0.005 

0.020±0.003 

0.016±0.002 

0.038±0.004 

0.004±0.001 

10,OOO±1000 0.10 ±O.Ol 
h Average 

<0.004 

<0.004 

0.026±0.002 

<0.004 

3 --1-···· -37 6 b 
klO(lO sec) k(20) Roa CDA(lO cm Isec) 

9 K 20 KC kC 9) (A) 9 K 20 K 

>500 

8.5 ±2.5 

5.5 ±O.3 

6.5 ±1.8 

0.95±0.11 

1.9 

1.6 ±0.2 

L 2 ±O. 2 

1.2 ±0.1 

1.6 ±0.3 

2.0 ±0.2 

0.88±0.09 

0.84±0.09 

0.76±0.09 

0.88±0.06 

0.76±0.02 

>500 

27±7 

ll±3 

1.1 

2 .0 

1.5 

g 3.l±1. 7 

1. 7±0.9 

1.2 

1.3 

1.3 

2.1±0.31.3±0.4 

2.Z±0.6 

1.2 

1.1 

0.93 

1.0 

1.l±0.4 
1.4 . 

1.3 

1.2 

1.3 

4.0 

4.0 

3.7 

4.0 

5.2 

13 

4.8 

4.1 

4.4 

4.4 

5.9 

5.0 
<5.3 

<7.7 

19 

<12 

0.94 

0.78 

1.1 

1.6 

0.31 

0.15 

0.16 

0.39 

0.60 

3.1 

2.0 

0.39 

0.19 

0.54 

0.60 

1.3±0.2 4.5±0.7 i 10- 37 . 4±0.3 10- 37 . 1±0.5 

J 

U1 
~ 



Footnotes for Table IV 

a Calculated from Eq. (13). 

b Calculated from Eq. (17). 

c 
T = 20 "t. 1 K. 

d Direct excitation of v=l. 

e Sample prepared by annealing sample listed 
directly above it in the table. 

f Air-doped sample: HC1/Air/Ar = 1/0.2/93Q. 

g This value discarded in averaging k(20)/k(9) . 

h Error is one" standard deviation of the data' set. 

i Annealed samples are not included in the average. 
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Table V. Resonant hops for v=l and v=2 of HC1/Ar a ,b 

MIA v = ° +-+ v = 1 

¥l(9 K) )'l(20 K) 

100 1.6(5) 7.8(4) 

500 3.1(4) 1.6(4) 

1,0.00 1.6(4) 7.; 8.(3) 

2,500 6.2(3) 3.1(3) 

5,000 3.1(3), 1. 6 (3) 

10,000 1.6(3). 7.8(2) 

a Powers of ten in parentheses: 

v = O.+-+·v = 2 

Yl.c9 K) Yl(20 K) 

4.1 1.7 

.82 .35 

.41 .17 

.16 .069 

.082 .035 

.041 .017 

5 1.6(5) = 1.6 x 10 . 

b Lifetimes used are T(v=l, 9 K) = 1.3 ms, 

T(v=l, 20 K) = 1.0 ms, T(v=2, 9 K)' = 0.28 ms and 

T(v=2, 20 K) = 0.18 ms. 
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.. 

Fig. 1. Schematic for fluorescence experiments. The output of 

the opo is collimated, filtered, and directed into the mat~ix; 

sometimes the excitation is focused, as shown. Fluorescence is 
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focused onto a cooled Ge:Hg photoconductive detector. A photodiode 

pulse, synchronized with the Nd:YAGpulse, triggers the electronics. 

Fig.~. Representative absorption spectrum of HCl/Ar. Deposition 

conditions: 9 K, 6 mmoles/hr; total deposited = 15 mmoles. 
J 

Fig. l. Energy level diagram for HCl/Ar. The spacings. are 

derived from the data of Table I, and the finite widths of the 

levels are neglected. J is the rotational quantum number and·n 

is the local phonon mode (translational) quantum number. 

Fig. i.Spectrally resolved decay traces from HCl/Ar, M/A = 5100 
-1 . 35 

± 100, 18.2 ± 0.2 K. Excitation is at 5656 cm ,v=0+2, R(O) 

'. transition, with 8 ~J/pulse energy. Curve a is v=2+l fluorescence 

and is the averaged signal of 2048 ~hots. Curve b is the v=O+l 

fluorescence and is the averaged result of 4096 shots. The re

duced SIN of curve b as compared to curve a is due to poor ov~r-

.. lap of the spectrally resolving interference filter and the v=l+O 

emission band. The baseline undershoot of curve b is the result 

of 60 Hz pickup. Deposition conditions: 9 K,23 mmoles/hr; 

total deposited = 52 mmoles . 

Fig. l. Analysis of spectrally resolved decay traces of Fig. 4. 

Curve a (e) is a single exponential, Eq. (1), and curve b (O,D) 

is the sum of a rising and falling exponential, Eq. (2). 

Fig. 6. Concentration dependence of HCl/Ar relaxation rates at 

9 K. Samples shown were deposited under similar conditions: 9 K 

and 20-30 mmole/hr. Data is from Tables III and IV. 



Fig. J.... Fluorescence spectra of HCl/Ar, M/A = 1000~ '20. The 

histograms are normalized line emission spectra calculated for 

a Boltzmann distribution of rotational levels of the emitting 

vibrational level; P and R lines are indicated for v=3+2, v=2+l, 

and v=l+O bands. Lowest trace is dat~ uncorrected for optical 

density of v=l+O transitions. 

Fig.~. Fluorescence excitation spectrum for overtone excitation, 

HCl/Ar, M/A = 980 ± 30, 9 K. Deposition conditions: 9 K, 

19 mmoles/hr; total deposited = 12 mmoles. 

Fig. 9. Overall schematic of relaxation of HCl(v=2)/Ar. The 

rate limiting steps are V+R processes, kZl and klO' The V+R step 

produces a highly excited rotational level which can rapidly 

relax by energy tra~sfer to phonons, n. The phonons shown are 

-1 
73 cm energy, cO,rresponding to the HCl/ Ar local mode. 

'Fig.~. Temperature dependence attributed to phorion partici

pation in HCl/Ar V+R processes. Data are isolated molecule V+R,P 

rates from Table III. The solid curves are calculated for 

exothermic phonon processes and are normalized to the 9K 

-1 
relaxation rate; the phonon energies are indicated in cm 

Fig. 11. Temperature dependence attributed to variation of 

rate with J-level. Isolated molecule V+R rates of Table III 

are fit to E~. (7); nO(T) = Q(T)-l is the fraction of molecules 

in J=O. Results are in the text. 
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