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1. INTRODUCTION 

In recent years, there has been a considerable interest in characterizing van der Waals (vdW) 

complexes formed by a diatomic radical and a rare-gas atom. Representative studies of such systems are 

given in references [1-15]. Complexes involving the CH radical are of particular interest. The radical 

plays an important role in atmospheric and interstellar chemistry and mediates a wide variety of reactive 

processes in combustion and flames. Numerical modeling of these various environments depends on the 

measurement and/or theoretical calculation of numerous bimolecular reaction rates involving many 

different collisional partners. A prerequisite for deriving reaction rates is a representation of the 

intermolecular potential surface on which the interaction takes place. However, generating a potential 

function that adequately represents the surface can be quite difficult, particularly for reactive collisions. 

Spectroscopic investigations of rare gas - CH(D) systems are a step in this direction. 

In a recent study, we reported the observation of laser excitation spectra associated with gas-phase 

ArCH where the electronic states of the complex correlate with the lS0 state of Ar and the X2]^ and B2E~ 

states of CH [2]. It was found that the ground state geometry was T-shaped, while the B state was linear. 

The ground state geometry was inferred based on the similarity between the observed rotational energy 

level structure and that of bent triatomic molecules. The geometry of the excited state was based on a 

tentative vibronic assignment and a modeling of the energy separation between the proposed bending 

levels assuming a hindered internal rotation description [14]. Here, we report the observation and analysis 

of rotationally resolved spectra of the ArCD vdW complex, excited in the region of the CD B22T-X2n 

(1,0) band. The results are compared to those obtained for the ArCH complex. 

2. EXPERIMENTAL 

The molecular beam apparatus used to obtain the spectra reported in this report has been described 

previously [3]. The ArCD complexes were formed via a supersonic free jet expansion. CDBr3 vapor was 

entrained in Ar gas and expanded into a vacuum chamber through an extender channel mounted on a 

pulsed valve (Jordan Co.). The backing pressure for the expansion was nominally 100-120 psi. 

CD radicals were generated in the early stages of the expansion by photolyzing the CDBr^Ar mixture with 

the focused output of an excimer laser (Lambda Physik, EMG 150 MSC) operating at 248 nm. 

(Comparable ArCD signals were obtained using CDBr2Cl as a precursor.) Typical pulse energy at the 

photolysis region was approximately 10 mJ. Laser-induced fluorescence was used to probe the ArCD and 



CD products in the region of the CD B25T-X2n (1,0) band near 366 nm. The probe beam was directed 

normal to the photolysis laser beam and molecular beam a few millimeters from the extender channel. 

Tunable laser radiation with a nominal pulse energy of 5 mJ was generated using a XeCl excimer pumped 

dye laser (Lumonics Hyper EX-400 and Hyper DYE-300) operating with PBD dye. In this wavelength 

region, the line width of the probe laser is approximately 0.09 cm-1. The ArCD complex was also probed 

in the vicinity of the CD B2E~-X2II (0,0) transition near 388 nm, but poor signal-to-noise (S/N) levels 

precluded an analysis of the rotational energy level structure. Under similar experimental conditions, the 

S/N ratio for the ArCD complexes probed near the CD (0,0) and (1,0) bands was a factor of 5-10 weaker 

than that for the ArCH complexes probed near the CH (0,0) and (1,0) bands. The fluorescence from the 

ArCD transitions excited in the region of the CD B2Z"-2n (1,0) band was monitored near the CD 

B22T-2n (1,1) transition centered at 401 nm. The fluorescence was band-pass filtered by a 0.25-m 

monochromator (McPherson, Model 218) and detected with a photomultiplier tube (EMI-9789-QA). After 

amplification, the output signal was directed to a gated integrator (Stanford Research Systems) with a PC 

interface for data acquisition. The spectra were calibrated with a wavemeter (Candela, Model LS-1) whose 

calibration was crosschecked by measuring the P^l) and R2O) CH rotational frequencies and comparing 

them to previously established values [16-17]. Absolute wavenumbers could be determined to ±0.7 cm-1, 

and wavenumber differences could be measured to 0.09 cm-1. 

3. RESULTS/DISCUSSION 

Figure 1 presents a survey fluorescence excitation spectrum obtained near the CD B^S~- n (1,0) band. 

This spectrum has not been corrected for variation in laser intensity or detection sensitivity. The sharp 

features at low energies are CD B-X (1,0) rotational lines. To the blue of these transitions is a sequence 

of broad, red-shaded features (A-H) associated with the ArCD complex. A broad continuum is also 

observed in this region and is presumably associated with bound-free transitions of the complex. At 

higher resolution, partially resolved rovibronic transitions are observed for features A and B, but not for 

features C-H. 

Good empirical fits of bands A and B were obtained using a model based on S-Z type transitions [2]. 

In this model, the term values for the ground state rotational energy levels are calculated using the 

expressions 

FfQi) = B"N(N+1) + 0.5y"N (la) 



P2(1) Q2(1) 
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2V~_2T Figure 1. Laser-induced fluorescence scan of ArCD excited near the CD IrS -U (1.0) band 

and 

F2"(N) = B"N(N+l) - 0.5Y"(iV+l), (lb) 

where AT is an integer quantum number and B is the effective rotational constant. The terms containing 

y" were included to allow for Coriolis coupling related splitting in the ground state. Justification for these 

functional forms is provided in Lemire et al. [2]. Following the treatment by Chang et al. [9], the excited 

state term values are given by 

Fj'tfV) = B'N(N+1) + 0.5uN (2a) 

and 

F2'(N) = B'N(N+iy - 0.5}i(N+l). (2b) 

In equations 2a and 2b, u may be further expanded as 

u = (Kp2/(iV(^+l)) + f, (3) 



where K is the coefficient for the spin-rotation term associated with vibronic levels and p is the projection 

of the vibrational angular momentum on the axis of the complex. The selection rule AN = ±1 leads to 

six branches, which we label Plf P2, P12, Rj. R2. and R12. 

Features A and B were recorded at an effective resolution of 0.09 cm-1. In contrast to the ArCH B-X 

spectra, where the R and P branches were clearly observed at this resolution, lower S/N levels prevent a 

straightforward assignment of these features. Rather, the initial assignment was based on correspondence 

with the results obtained for ArCH. This procedure is justified because, considered as a pseudodiatom, 

the reduced masses (u) of ArCD and ArCH are similar (p.Ar_CD = 10.0 vs. U^^H 
= 9.8). Thus, the 

rotational energy level structure and rotational constants of these complexes should be comparable. This 

is in contrast to the case of CD vs. CH, where the reduced mass of CD (ucD = 1.71) is much larger than 

that of CH (uCH = 0.92), and, consequently, the two have much different rotational energy level 

separations. 

To verify assignments, obtain rotational constants, and determine the band origins, graphical 

simulations were generated using a multivariable computer program based on the energy level expressions 

and selection rules given previously, and Z-Z line strengths. Besides the spectroscopic constants of the 

ground and excited states, the program variables included the laser line width and the population of the 

ground state based on a Boltzmann distribution. It was found that the correspondence with ArCH bands 

was not sufficient to confidently assign the rotational spectra. Thus, it was further assumed that both A 

and B originated from the same ground state. This assumption is based on the fact that the complexes 

were generated in a free jet expansion with a temperature of approximately 10 K. 

Figure 2 presents a comparison of the experimentally obtained spectrum for feature A and two 

simulations, labeled S1 and S2, based on different rotational assignments. Both simulations reasonably 

reproduce the band. The simulation labeled S2 is based on B" = 0.172 ±0.004 cm-1, B' = 0.107 

±0.004 cm-1, and y" < (±)0.019 cm"1, while S2 is based on B" = 0.168 ±0.004 cm-1, B' = 0.102 

±0.004 cm-1, and y" = (±)0.035 cm-1. Both simulations yield a band origin value of 27310.7 cm-1. 

To differentiate between Sl and S2, we attempted to simulate feature B using the two sets of (B", 

y") values obtained from the analysis of feature A. A better fit of the feature was obtained using the (B", 

Y") values employed in S1 (B" = 0.172 ±0.004 cm-1, y = 0.019 cm"1). However, this fit did not 

reproduce several lines observed from 27,323 through 27,327 cm-1. These "extra" lines may be associated 
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Figure 2. Laser-induced excitation spectrum and simulations (—) of the feature labeled A in Figure 1 in 
the region of the CD B2ST-2II (1,0) transitions. (Simulations S1 and S2 are based on two 
different rotational assignments. Sx yields rotational constant values of B"= 0.172 
±0.004 cm"1, B' = 0.107 ±0.004 cm-1, and y" = 0.195 cm-1; while S2 yields values of B" = 
0.168 ±0.004 cm-1, B' = 0.102 ±0.004 cm~\ and y". Both simulations yield a band origin 
value of 27310.7 cm"1.) 

with other products formed in the jet or another ArCD band, so we cannot rule out the assignment based 

on S! on this basis alone. Using B" = 0.172 cm"1 and y" = 0.019 cm-1, the best simulation of feature 

B yields a value of B' = 0.112 ±0.004 cm-1 for the excited state rotational constant and a value of 

27327.8 cm"1 for the band origin. The ground state B" values obtained from the analysis of features A 

and B correspond to an average Ar-CD center of mass separation (R0") of 3.13 Ä, which is similar to the 

R0" value of 3.11 Ä reported for the ground state of the ArCH complex. The R0' values fall in the range 

of those reported for ArCH, 3.97-4.61 Ä, and indicate that the Ar-CD vdW bond is lengthened upon 

electronic excitation. 



Using the notation (vj, r*3, vs), where Vj is the quanta of CD stretch, r is the quanta of bend/hindered 

internal rotation of CD with respect to Ar, p is the projection of the vibrational angular momentum on the 

intermolecular axis of the complex, and vs is the quanta of CD-Ar stretch, the features labeled A and B 

are assigned as (1,0°,0) and (1,1P,0), respectively. These assignments are based on a comparison with the 

results obtained for ArCH. One observation is considered important in this regard: the small but definite 

increase in the B' value for the higher energy transition. For ArCH, the B' value for the level assigned 

as (0,1°,0) was also slightly larger than the B' value for the (0,0°,0) level (0.114 v. 0.111 cm"1). These 

results would be realized in the case where the D/H atom points away from the argon atom in the 

vibrationless state, and introducing the bending/hindered internal rotation reduces the Ar-CD center-of- 

mass separation. For feature B, p could not be determined from the rotational analysis. Spectral 

simulation in which K was varied over a considerable range (-2B" < K < 2B") did not qualitatively affect 

the fits. 

In order to gain further insight into the nature of the ground state intermolecular potential, and aid in 

the rotational assignment of feature A, we have analyzed the spectroscopic data in terms of a general 

model based on hindered internal rotation which neglects bend-stretch coupling. The model was 

developed by Dubernet, Flower, and Hutson [14] and later expanded by Chang et al. [9] to include the 

Coriolis coupling interaction. The intermolecular potential of the complex is modeled by 

^ inter =  *l,m V,,* (W^.1 (6,0) = V1>0 C0\d,0) + V2>0 C0
2(8,0) + V%1 C2

2(6,0) + ... (4) 

where 9 is the angle between the monomer and complex axis, and V//M (R) are coefficients of the 

renormalized spherical harmonic expansion terms [Cm
l (8,0)]. These coefficients are varied to reproduce 

the energy level structure separations observed in the spectra. For the following discussion, we restrict 

ourselves to expansion terms with / < 2. 

For the ArCH(D) ground state, the geometry of the intermolecular potential is reflected in the Coriolis 

splitting of the rotational levels. Each end-over-end rotational state (AO correlates with a pair of 

degenerate, parity doublets N = J ±1/2. The degeneracy of this state is lifted for Vlm not equal to zero. 

The energy levels for a Wlm combination were calculated by diagonalizing the effective Hamiltonian 

derived by Chang et al. [9]. The functional form of the ground state energy levels, equations (la) and 

(lb), is particular to the case of a potential dominated by V2m terms and with V10 = 0. For ArCH, y" 

was observed to be (±)0.021 cm-1. Assuming that the barriers to hindered internal rotation for the ArCH 



and ArCD complexes are similar, there do not exist expansion coefficients which yield Y"AICH 
= 

(±)0.021 cm-1 and Y^rj ^ 0.034 cm"1. Thus, the y(<0.019 cm-1) obtained from the simulation labeled 

Sl is not consistent with equal barriers for ArCH and ArCD in this description. The y (0.035 cm-1) 

obtained from simulation S2 is consistent with this expectation. Plots of the solutions for Y^H = 

(±)0.021 cm-1 and YA^D = (±)0.035 cm-1 are presented in Figure 3. In this figure, the solutions for each 

case form a closed curve in the V2 0-V2 2 plane. Agreement between these sets of solutions is only 

observed at V20 = 20 cm-1, V22 = -28 cm-1, and V20 = -28 cm-1, V22 = 28 cm-1. The uncertainties 

in V2 0 and V2 2 are estimated to be approximately ±7 cm-1 and ±3 cm-1, respectively. It is interesting 

to note that the solution corresponds to Vl/n combination in each set for which IV2 2 I is a maximum. 

Dagdigian et al. [18] have shown that V22 is negative for the case of a CH 2II monomer in a K
1 

configuration inelastically scattered from a rare gas atom. Thus, the solution V2>0 = 20 cm"1, V2 2 = 

-28 cm-1 describes the intermolecular potential if such an analysis is warranted. Figure 4 shows the 

ground state A" and A' potential energy surfaces corresponding to this solution. While it is recognized 

that the uncertainty in assigning the rotational structure of feature A leaves room for doubt about this 

description, the T-shaped geometry for the A" state and the lack of a barrier to internal rotation for the 

A' surface are in agreement with the results obtained from multireference configuration interaction 

calculations reported by Alexander et al. [19]. 

4.  SUMMARY/CONCLUSION 

The ArCD vdW complex has been detected near the CD B2£"-2n (1,0) band by laser-induced 

fluorescence. Rotationally resolved spectra of the complex have been recorded and analyzed by computer 

simulations and a model based on hindered internal rotation. The analysis, coupled with the results from 

spectroscopic and numerical studies of ArCH, indicates that the ground state interaction between CH(D) 

(X2n) and Ar^Sjj) has A" symmetry and has a (global) minimum associated with a (nearly) T-shaped 

configuration. We anticipate that these results will provide a useful foundation/starting point for future 

efforts to characterize the potential energy surfaces for reactive collisional (combustion) systems involving 

the CH radical. 



40 

30 - 

20 

10 

V 22 0 - 

■10 

-20 

-30 

-40 
-50 -40 -30 -20-10  0  10  20 30  40 50 

V 20 
Figure 3. A plot of the V2 0 and V2 2 coefficients of the renormalized spherical harmonic 

expansion used to model i'ntermolecular potential. 



-40 -I—i—i—i—i—i—i—i—i—i—i—i—i—i—i—i—i—i I i—i—i—i—i—i—i—i—i—i—i—i—i—i—i—i—i—i 

0  10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 

0 

Figure 4. Angular dependence of the ArCHflD) (X,A") and (X,A') potential energy surfaces 
corresponding to V2 0 = 20 cm, V2 2 = -28 cm" . 



INTENTIONALLY LEFT BLANK. 

10 



5.  REFERENCES 

1. Heaven, M. C. "Spectroscopy and Dynamics of Open-Shell van der Waals Molecules." Ann. Rev. 
Phys. Chem., vol. 43, p. 283, 1992. 

2. Lemire, G. W., M. J. McQuaid, A. J. Kotlar, and R. C. Sausa. "Investigation of the Gas-Phase B-X 
Electronic Spectra of CH-Ar by Laser-Induced Fluorescence." Journal of Chemical Physics, vol. 99, 
p. 91, 1993. 

3. Lemire, G. W., and R. C. Sausa. "Detection and Spectroscopic Studies of Gas-Phase Hydroxyl- 
Krypton by Laser-Induced Fluorescence." Journal of Physical Chemistry, vol. 96, p. 4821, 1992. 

4. Green, W. H., Jr., and M. I. Lester. "A Perturbation Theory Guide to Open-Shell Complexes: 
OH-AR (X2I7.)." Journal of Chemical Physics, vol. 96, p. 2573, 1992. 

5. Randall, R. W., C.-C. Chang, and M. I. Lester. "Electronic Spectroscopy of NH (c1!!, a *A) + Ar 
Complexes." Chemical Physics Letters, vol. 200, p. 113, 1992. 

6. Chang, B.-C, L. Lu, D. Cullin, B. Rehfuss, J. Williamson, T. A. Miller, W. M. Fawzy, X. Zheng, 
S. Fei, and M. C. Heaven. "Rotational, Fine and Hyperfine Structure in the High Resolution 
Electronic Spectrum of ArOH and ArOD." Journal of Chemical Physics, vol. 95, p. 7086, 1991. 

7. Yang, M.-C, A. P. Salzberg, B.-C. Chang, C. C. Carter, and T. A. Miller. "Electronic Spectroscopy 
and Excited State Dynamics of the ArSH Complex." Journal of Chemical Physics, vol. 98, p. 4301, 
1993. 

8. Miller, J. C, and W.-C. Cheng. "Multiphoton Ionization of NO-Rare Gas van der Waals Species." 
Journal of Physical Chemistry, vol. 89, p. 1647, 1989. 

9. Chang, B.-C, J. Cullin, J. Williamson, J. Dunlop, B. Rehfuss, and T. Miller. "High Resolution 
Electronic Spectroscopy of NeOH." Journal of Chemical Physics, vol. 96, p. 3476, 1992. 

10. Miller, J. C. "The A 2Z+ State of Rare Gas - NO van der Waals Molecules Probed by 1+1 
Multiphoton Ionization Spectroscopy." Journal of Chemical Physics, vol. 90, p. 4031, 1989. 

11. Alexander, M. H. "Rotationally Inelastic Collisions Between a Diatomic Molecule in a 2I1 Electronic 
State and a Structureless Target." Journal of Chemical Physics, vol. 76, p. 5974, 1982. 

12. Fawzy, W. M., and J. T. Hougen. "Rotational Energy Levels and Line Intensities for 2S+1A - 2S+1A 
and 2S+1(A±1) - 2S+1A Transitions in Diatomic Molecule van der Waals Bonded to a Closed Shell 
Partner." Journal of Molecular Spectroscopy, vol. 137, p. 154, 1989. 

13. Chakravarty, C, D. C. Clary, A. Degli Esposti, and H.-J. Werner. "Calculations on Vibrational 
Predissociation of Ar-OH (A2E+)." Journal of Chemical Physics, vol. 95, p. 8149^1991. 

14. Dubernet, M.-L., D. Flower, and J. Hutson. "The Dynamics of Open-Shell van der Waals 
Complexes." Journal of Chemical Physics, vol. 94, p. 7602, 1991. 

11 



15. Dubemet, M.-L., P. A. Tuckey, and J. M. Hutson. "Parity Doubling in Open Shell van der Waals 
Complexes."  Chemical Physics Letters, vol. 193, p. 355, 1992. 

16. Gero, L. "Das Bandenspectrum des CD Moleküls." Z. Phys., vol. 117, p. 709, 1941. 

17. Para, A. "Analysis of the B2£- - X2n (0,0) Band in the ^H, 12C2H, and 13C!H Isotopic 
Radicals." J. Phvs. B: At. Mol. Opt., vol. 24, p. 3179, 1991. 

18. Dagdigian, P. J., M. H. Alexander, and K. Liu. "The Inelastic Scattering of 2U [Case (b)] Molecules 
and an Understanding of the Differing Doublet Propensities for Molecules of K vs. n3 Orbital 
Occupancy." Journal of Chemical Physics, vol. 91, p. 839, 1989. 

19. Alexander, M. H., S. Gregurick, P. J. Dagdigian, G. W. Lemire, M. J. McQuaid, and R. C. Sausa. 
"Potential Energy Surfaces for the Interaction of CH (X2n, B2E~) with Ar and an Assignment of the 
Stretch-Bend Levels of the ArCH(B) van der Waals Molecule." Journal of Chemical Physics, 
vol. 101, p. 4547, 1994. 

12 



NO. OF 
COPIES      ORGANIZATION 

DEFENSE TECHNICAL INFO CTR 
ATTN DTIC DDA 
8725 JOHN J KJJNGMAN RD 
STE0944 
FT BELVOIR VA 22060-6218 

DIRECTOR 
US ARMY RESEARCH LAB 
ATTN AMSRL OP SD TA 
2800 POWDER MILL RD 
ADELPHI MD 20783-1145 

DIRECTOR 
US ARMY RESEARCH LAB 
ATTN AMSRL OP SD TL 
2800 POWDER MILL RD 
ADELPHI MD 20783-1145 

DIRECTOR 
US ARMY RESEARCH LAB 
ATTN AMSRL OP SD TP 
2800 POWDER MILL RD 
ADELPHI MD 20783-1145 

ABERDEEN PROVING GROUND 

DIRUSARL 
ATTN AMSRL OP AP L (305) 

13 



NO. OF 
COPIES   ORGANIZATION 

2 JOINT CONTACT POINT DIR 
USA DUGWAY PROVING GRND 
ATTN G LEMIRE 
DUGWAY UT 84022-5000 

19 DIR, USARL 
ATTN:   AMSRL-WT-P, 

A. HORST 
AMSRL-WT-PA, 

T. MINOR 
M. MCQUAID (10 CPS) 
R. SAUSA (5 CPS) 

AMSRL-WT-PC, 
R. FIFER 
K. MCNESBY 

14 



USER EVALUATION SHEET/CHANGE OF ADDRESS 

This Laboratory undertakes a continuing effort to improve the quality of the reports it publishes. Your comments/answers 
to the items/questions below will aid us in our efforts. 

1. ARL Report Number/Author    ARL-TR-1159 (Sausa) Date of Report    August 1996  

2. Date Report Received  

3. Does this report satisfy a need? (Comment on purpose, related project, or other area of interest for which the report 

will be used.)  

4. Specifically, how is the report being used? (Information source, design data, procedure, source of ideas, etc.). 

5. Has the information in this report led to any quantitative savings as far as man-hours or dollars saved, operating costs 

avoided, or efficiencies achieved, etc? If so, please elaborate.  

6.   General Comments.   What do you think should be changed to improve future reports?   (Indicate changes to 

organization, technical content format etc.)  

Organization 

CURRENT                          Name 
ADDRESS  

Street or P.O. Box No. 

City, State, Zip Code 

7. If indicating a Change of Address or Address Correction, please provide the Current or Correct address above and the 

Old or Incorrect address below. 

Organization 

OLD                                   Name 
ADDRESS   

Street or P.O. Box No. 

City, State, Zip Code 

(Remove this sheet, fold as indicated, tape closed, and mail.) 
(DO NOT STAPLE) 



DEPARTMENT OF THE ARMY 

OFFICIAL BUSINESS 

BUSINESS REPLY MAIL 
FIRST CLASS PERMIT NO 0001.APG.MD 

POSTAGE WILL BE PAID BY ADDRESSEE 

DIRECTOR 
U.S. ARMY RESEARCH LABORATORY 
ATTN: AMSRL-WT-PC 
ABERDEEN PROVING GROUND, MD 21005-5066 

NO POSTAGE 
NECESSARY 

IF MAILED 
IN THE 

UNITED STATES 


