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a b s t r a c t

Laser-induced fluorescence dispersed emission spectra recorded using the C1P1ðt0Þ ! X1Rþ0 transition in
ZnKr, ZnAr and ZnNe complexes are reported. The complexes were produced in a continuous free-jet
beam crossed with a pulsed dye-laser beam. The spectra were recorded using a spectrograph equipped
with CCD camera. The recorded profiles displayed characteristic Condon internal diffraction patterns.
The patterns consisted of reflection type continuous features corresponding to bound? free transitions
and bound? bound transitions. In simulation of the spectra, M–S(9.09, 7.81), M–S(10.86, 10.32) and
M–S(14.49, 8.91) Maitland–Smith M–S(n0, n1) functions were found to represent the repulsive walls of
the X1Rþ0 -state potentials of ZnKr, ZnAr and ZnNe, respectively. The obtained results were compared with
available experimental and theoretical representations of other studies.

Ó 2009 Elsevier B.V. All rights reserved.

1. Introduction

Laser-induced fluorescence (LIF) molecular emission, which oc-
curs after a selective excitation of a ro-vibrational level in the ex-
cited electronic energy state, may terminate at different parts of
the ground-state interatomic potential. From one point of view, it
makes possible an accurate determination of steepness of the
ground-state repulsive part and, consequently, it allows descrip-
tion of a short-range interaction between atoms constituting the
molecule [1]. Characterization of such a kind has been performed
for a number of complexes consisting of 12-group metal (M) atom
(Zn, Cd or Hg), and M and rare gas (Rg) atoms i.e., ZnAr [2], CdNe
[3,4], CdAr [2,3,5], CdKr [6], HgAr [7], HgKr [8], Cd2 [9] and Hg2
[10]. From the other side, using dispersed emission spectra the
energy structure in the ground-state bound well can also be inves-
tigated extending the ground-state characterization well above the
lowest ro-vibrational levels. Using this approach, the vibrational
structure of the ground state of CdAr [2], HgAr [7] and HgKr [8]
has been studied (see also Fig. 1).

The recorded LIF dispersed emission profiles are employed in
characterization of a large part of the ground-state interatomic po-
tential. If theDRe ¼ R0e ÿ R00e displacement is favourable (R0e andR00e are
the excited- and ground-state bond lengths, respectively) both the
repulsive wall and potential-well below the dissociation limit are
‘accessible’ in the emission. This creates an unfeasible in the excita-
tion – a possibility of direct determination of ground-state charac-

teristics, or creation of a supplement and/or to complete the
characterization performed while studying the excitation spectra.

For the ZnNe, ZnAr and ZnKr van der Waals (vdW) complexes
investigated in this work, the ground-state characterization
employing an analysis of the bound? free parts of the fluorescence
was performed by Koperski and Czajkowski [2] only for ZnAr in
analysis of the C1P1ðt0 ¼ 10Þ ! X1Rþ0 dispersed emission with a
help of a monochromator. As a result, the X1Rþ0 -state potential of
ZnAr was represented using a Maitland–Smith M–S(n0, n1) poten-
tial with n0 = 11.9 and n1 = 9.0 parameters. From the other hand, re-
sults of ab initio calculations of Czuchaj et al . [11], Czuchaj and
Krośnicki [12], and Strojecki et al. [13,14] are available for ground
and low-lying electronic states of ZnRg complexes also in the
short-range region of R.

In this investigation authors determined, as they believe for the
first time, the ZnNe and ZnKr repulsive parts of the ground-state
interatomic potential using Condon internal diffraction (CID)
patterns [15] of the dispersed emission recorded using the
C1P1 ! X1Rþ0 transition after a selective excitation of the t0 = 1
and t0 = 19 vibrational levels, respectively. The authors continued
also an investigation of the dispersed emission in the ZnAr. The
CID patterns were recorded using the same transition as previously
reported in [2], this time however, after excitation of the t0 = 11
vibrational level. The experiment for ZnKr, ZnAr and ZnNe was per-
formed using a spectrograph equipped with CCD camera allowing a
real-time detection of the whole dispersed emission occurred upon
the excitation revealing a shape of the emitting t0 level wave-func-
tion squared – a pure demonstration of quantum mechanics at a
glance. Computer simulations of the experimental data produced
analytical representations of the ZnRg (Rg = Ne, Ar, Kr) repulsive
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parts of the ground-state interatomic potential above and below
the dissociation limit. The repulsive walls were determined in
the regions ‘sampled’ by the dispersed emission spectroscopy, i.e.,
down to R = 2.25 Å, 2.45 Å and 3.15 Å for ZnKr, ZnAr and ZnNe,
respectively.

2. Experiment

The apparatus and part of the experimental procedure were de-
scribed in details elsewhere [13,14]. Here, modifications applied
for the purpose of investigation of dispersed emission spectra are
underlined only. Zn atoms seeded in Ne, Ar or Kr carrier gas (Linde
Gas, each of 99.999% purity) under various pressures (from 10 bar
to 13 bar depending on Rg gas) were expanded into a vacuum
chamber through a molybdenum nozzle with an orifice of
200 lm in diameter. At different stages of the experiment, either
molybdenum or stainless steel oven was used, however, the
molybdenum-made source was found to be corrosively resistant
to extremely aggressive zinc vapour [1]. Extremely demanding
experimental conditions (temperature of the oven reaching almost
1100 K and high carrier gas pressure) restricted number of exper-
imental runs and allowed recording the emission spectra only for
single excited-stated t0 levels for each of the ZnRg complex. Fre-
quency-doubled radiation from a Nd+:YAG-laser-pumped-dye-
laser (working with Stilbene 3 in methanol) was crossed at right
angles with a continuous free-jet supersonic beam. The relative
wavelength corresponding to the fundamental frequency of the
dye-laser was calibrated with 0.005-nm accuracy using a pulsed
wavemeter (WA4500, Burleigh). The absolute wavelength was cal-
ibrated with 0.05-nm accuracy using an optogalvanic signal from
an Ar-filled hollow cathode lamp (Sirah). The spectral line-width
of the dye-laser fundamental output was estimated with the help
of a monitor etalon (free spectral range of 0.33 cmÿ1) and was
found to be approximately 0.25 cm–1.

The resulting LIF dispersed emission spectra were monitored at
the right angle to the plane containing the crossed molecular and
laser beams with the laser wavelength set on a particular transi-
tion. The fluorescence was focused on the entrance slit of
Czerny–Turner-type spectrograph (Digikröm 480, Spectral Prod-
ucts) equipped with a 1200-grooves/mm diffraction grating. The
spectrograph was fitted with a CCD camera (PI-MAX:512, Prince-
ton Instruments) coupled with a computer. The spectrograph was
originally calibrated with a ±0.3-nm accuracy. The CCD camera
was equipped with a 19 � 19-lm matrix containing 512 � 512
pixels. In order to designate each pixel of the matrix to a particular
wavelength, the spectrograph-CCD camera system was wave-
length-calibrated in the 210–270-nm spectral region using 10-
nm steps of the spectrograph grating setting (with the smallest
step of 0.01 nm). For the calibration, a Hg spectral lamp and previ-
ously calibrated dye-laser were used. Each LIF dispersed emission
spectrum reported here was recorded with several spectral resolu-
tions, i.e., using different width of the spectrograph entrance slit.
Lower or higher spectral resolution of the detection were em-
ployed in order to encompass a whole bound? free profile or to
partially resolve spectrally congested bound? bound transitions,
respectively. For the narrowest width of the spectrograph entrance
slit (10 lm), the spectral resolution of the detection system was
approaching 0.06 nm (i.e., 13 cmÿ1) but did not allow resolving
the bound? bound transitions.

3. Results

In the emission arising after a selective excitation of a t0 vibra-
tional level both, bound? bound (discrete) and bound? free

Fig. 2. LIF dispersed emission spectrum of ZnKr recorded using the C1P1 ! X1Rþ0
transition after a selective excitation of the t0 = 19 vibrational level. (a) Gross and
(b) most short-wavelength part of the spectrum recorded with lower, 100 cmÿ1,
and higher, 30 cmÿ1, spectral resolution of the detection system, respectively. (c)
Simulation [21] of the bound? free part performed with an assumption that the
C1P1 and repulsive part of the X1Rþ0 state potentials are represented with Morse
and M–S (n0 = 9.09, n1 = 7.81) functions, respectively (blue line, amplitudes of the
first five bound? free maxima were saturated). Simulated most short-wavelength
part of the spectrum, includes (c) as above (blue line), and (d) bound? bound
transitions (red line, represented with F-C factors, vertical lines), with an assump-
tion that Morse [1] and M–S(9.09, 7.81) functions represent the C1P1 and X1Rþ0
states, respectively. The individual F-C factors corresponding to the t0 = 19? t00

vibrational transitions were convoluted with a Gaussian function
(FWHM = 30 cmÿ1) representing the spectrograph throughput. A horizontal bar
corresponds to the range of wavelengths shown in large insert. (e) and (f) pictures
from a CCD camera corresponding to (a) and (b), respectively, showing a shape of
the t0 = 19 wave-function squared (arrows indicate points where parts of the
spectrum recorded for different spectrograph setting were joined). Smaller insert
shows an excitation spectrum recorded at the C1P1  X1Rþ0 (t00 = 0) transition [13]
depicting the t0 = 19 t00 = 0 component. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 1. Scheme showing the C1P1 excited- and X1Rþ0 ground-state interatomic
potentials of ZnKr molecule involved in detection of the LIF dispersed emission
spectra using the C1P1ðt0 ¼ 19Þ ! X1Rþ0 transition. The emission from the C1P1

state occurs after a selective excitation of the t0 = 19 level. (a) Dispersed
bound? free spectrum (blue line) reflecting a shape of the emitting t0 = 19 level
wave-function squared (also shown in Fig. 2a). Insert presents details of the t00

levels structure; (b) part of the spectrum partially corresponding to the bound?
bound transitions to the discrete t00 levels (also shown in Fig. 2b). The F-C factors
corresponding to bound? bound transitions are represented with solid (blue) lines
while shape of the spectrum depends on the spectral resolution of the detection
system. Above the dissociation limit the spectrum of (b) joins that corresponding to
the bound? free transitions. Dissociation energies, D00 and D000 , of the excited and
ground state as well as the energy Et0 of the emitting t0 level are also depicted. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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(continuous) CID patterns were detected. Here, a term reflection

spectra should be used as the regular oscillations in the resulting
spectrum are reflections of the initial t0 level wave-function
squared as was pointed out in [16,17].

Fig. 1 shows diagram of the C1P1 excited- and X1Rþ0 ground-
state interatomic potentials of ZnKr involved in detection of the
LIF dispersed emission spectrum using the C1P1 ! X1Rþ0 transi-
tion. The emission occurs after a selective excitation of the
t0 = 19 vibrational level in the C1P1 state. The dispersed bound
? free spectrum (trace a, see also Fig. 2a) is shown for illustration.
Additionally, insert presents details of the structure of the X1Rþ0 -
state t0 vibrational levels and part of the spectrum (trace b) corre-
sponding to the bound? bound transitions to discrete t00 levels
(see also Fig. 2b). The bound? bound transitions are represented
with discrete solid lines. The shape of the spectrum in that region,
however, depends on the spectral resolution of the spectrograph-
CCD camera detection system. At the dissociation limit, the
bound? bound spectrum joins smoothly that which corresponds
to the bound? free transitions. Similar diagrams can be drawn
for ZnNe and ZnAr illustrating emission after a selective excitation
of the t0 = 1 and t0 = 11 vibrational levels, respectively.

3.1. C1P1ðt0 ¼ 19Þ ! X1
�
þ
0 transition in ZnKr

Fig. 2 shows LIF dispersed emission spectrum of ZnKr recorded
using the C1P1 ! X1Rþ0 transition after a selective excitation of the
t0 = 19 vibrational level. The bound? free transitions, which ter-
minate on the repulsive part of the X1Rþ0 -state potential, give rise
to the characteristic CID pattern (trace a). The simple oscillatory

pattern observed in the emission spectrum suggests their reflection
structure (a detailed discussion on the reflection and interference –
a second type of the emission spectra – is given in [17,18]). The CID
pattern continues into the bound? bound part of the spectra
(most short-wavelength part of trace b) in the form of the
Franck–Condon (F–C) factors envelope of the discrete transitions.
The C1P1ðt0 ¼ 19Þ ! X1Rþ0 profiles have been recorded at both,
lower resolution (100 cmÿ1 spectrograph band-pass) to encompass
the gross structure of the CID pattern shown in Fig. 2a, and at high-
er resolution (30 cmÿ1 band-pass) aiming at resolving the con-
gested maxima in the most short-wavelength part of the
spectrum shown in Fig. 2b. The experimental profiles are result
of integration of a signal extracted from the CCD camera images
(traces (e) and (f), respectively), showing a shape of the t0 = 19
vibrational wave-function squared – real snapshots from the
molecular quantumworld. The number of maxima in the spectrum
is equal to t0 + 1, which corroborates the assignment in the
C1P1  X1Rþ0 ðt

00 ¼ 0Þ excitation spectrum [13]. Due to the limited
resolution of the detection system it was not possible to resolve the
t0 ? t00 bound–bound transitions (shown in Fig. 2d with vertical
lines). Increasing to higher t00 values and passing through the
X1Rþ0 state dissociation limit, the unresolved t0 ? t00 components
smoothly transform into the continuous spectra of the bound
? free transitions, forming the gross CID pattern.

3.2. C1P1ðt0 ¼ 11Þ ! X1Rþ0 transition in ZnAr and

C1P1ðt0 ¼ 1Þ ! X1Rþ0 transition in ZnNe

Figs. 3 and 4 show LIF dispersed emission spectra of ZnAr and
ZnNe, respectively recorded using the same C1P1 ! X1Rþ0 transi-
tion as in case of ZnKr (Fig. 2), however, after selective excitation
of the t0 = 11 and t0 = 1 levels, respectively. For ZnAr, similarly as

Fig. 3. LIF dispersed emission spectrum of ZnAr recorded using the C1P1 ! X1Rþ0
transition after a selective excitation of the t0 = 11 vibrational level. (a) Gross and
(b) most short-wavelength part of the spectrum recorded with lower, 150 cmÿ1,
and higher, 50 cmÿ1, spectral resolution of the detection system, respectively. (c)
Simulation [21] of the bound? free part performed with an assumption that the
C1P1 and repulsive part of the X1Rþ0 state potentials are represented by Morse and
M–S(n0 = 10.86, n1 = 10.32) functions, respectively (blue line, amplitudes of the first
four bound? free maxima were saturated). Simulated most short-wavelength part
of the spectrum, includes (c) as above (blue line), and (d) bound? bound
transitions (red line, represented with F-C factors, vertical lines), with an assump-
tion that Morse [1] and M–S(10.86, 10.32) functions represent the C1P1 and X1Rþ0
states, respectively. The individual F-C factors corresponding to the t0 = 11? t00

vibrational transitions were convoluted with a Gaussian function (FWHM =
50 cmÿ1) representing the spectrograph throughput. A horizontal bar corresponds
to the range of wavelengths shown in large insert. (e) and (f) pictures from a CCD
camera corresponding to (a) and (b), respectively, showing a shape of the t0 = 11
wave-function squared (arrow indicates the point where parts of the spectrum
recorded for different spectrograph setting were joined). Smaller insert shows an
excitation spectrum recorded at the C1P1  X1Rþ0 (t00 = 0) transition [13] depicting
the t0 = 11 t00 = 0 component. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 4. LIF dispersed emission spectrum of ZnNe recorded using the C1P1 ! X1Rþ0
transition after a selective excitation of the t0 = 1 vibrational level. (a) Spectrum
recorded with 50-cmÿ1 spectral resolution of the detection system. (b) Simulation
[21] of the bound? free part of the spectrum performed with an assumption that
the C1P1 and repulsive part of the X1Rþ0 state potentials are represented by Morse
and M–S (n0 = 14.49, n1 = 8.91) functions, respectively (blue line). (c) Simulation of
bound? bound transitions (red line, represented with F-C factors, vertical lines),
with an assumption that Morse [1] and M–S(14.49, 8.91) functions represent the
C1P1 and X1Rþ0 states, respectively; the individual F-C factors corresponding to the
t0 = 1? t00 transitions were convoluted with a Gaussian function (FWHM =
50 cmÿ1) representing the spectrograph throughput. (d) Simulations of (b) and (c)
convoluted together showing whole CID pattern. (e) Picture from a CCD camera
corresponding to (a), showing a shape of the t0 = 1 wave-function squared. Small
insert shows an excitation spectrum recorded at the C1P1  X1Rþ0 (t00 = 0)
transition [13] depicting the t0 = 1 t00 = 0 component. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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for ZnKr, the simple oscillatory pattern is observed strongly sug-
gests its reflection structure and the CID pattern continues into
the short-wavelength bound? bound part of the discrete
t0 = 11? t00 transitions. The situation is somewhat simpler for
ZnNe (Fig. 4) as the emission starts from the t0 = 1 level and the
spectrum reveals only two maxima, assigned separately to the
t0 = 1? t00 and bound? free transitions. As for ZnKr, for ZnAr
the CID patterns were recorded at both, lower resolution
(150 cmÿ1 spectrograph band-pass) to encompass their gross
structure (Fig. 3a) and at higher resolution (50 cmÿ1 band-pass)
to resolve the maxima in the most short-wavelength part
(Fig. 3b). Again, due to the limited resolution of the detection sys-
tem it was not possible to resolve the discrete t0?t00 transitions
(shown in Fig. 3d as F-C factors). For ZnNe, the dispersed emission
spectrum was recorded only at higher resolution regime (i.e.,
50 cmÿ1 spectrograph band-pass, Fig. 4a) and the individual
bound? bound transitions were not resolved.

4. Simulations

4.1. Bound? free transitions - determination of the repulsive

X1Rþ0 -state potential above the dissociation limit

The main objective of this investigation was determination of
the repulsive parts of the X1Rþ0 -state potentials of ZnKr, ZnAr and
ZnNe. The procedure was to assume repulsive potential of a certain
form (e.g., Maitland–Smith, M–S(n0, n1) [20]) with several free
parameters (D00e , R00e , n0 or n1), simulate the bound? free and
bound? bound parts of the spectrum using the assumed poten-
tial, and vary the parameters (using a trial-and-error approach)
to obtain the best agreement between the observed and calculated
positions of the oscillatory CID pattern extremes. The ground-state
M–S(n0, n1) potential,

U00M—SðRÞ ¼
D00e

~nÿ 6
6

R00e
R

� �~n

ÿ ~n
R00e
R

� �6
" #

;

is a Lennard-Jones, L-J(nÿ6) potential, with parameter n being a
function of R, ~n ¼ n0 þ n1ðR=R

00
e ÿ 1Þ [1,19]. The potential was suc-

cessfully applied to represent the ground-state interatomic poten-
tial of the ZnAr [2], CdAr [2], HgAr [7], CdKr [6] and HgKr [8].

The simulation program [21] used the analytical form of the
M–S(n0, n1) potential to generate wave functions associated with
its energy continuum. In the experiments with molecules pro-
duced in the supersonic expansion beam only the lowest J00 and
J0 levels are populated, and there is negligible collisional mixing
between J levels as the spectra are detected in the collisionless re-
gion of the beam (e.g., [22]). Consequently, the calculations were
performed for a rotationless structure in the upper and lower
states, i.e., for J0 = 0 and J00 = 0. When the transitions with J– 0
are included in the simulations, a slight broadening of the oscilla-
tory maxima and a little change in intensity at the minima occur
(e.g., [23]).

In the simulation, the mass of natural Zn (mZn = 65.37 1.66 10–24

g) and the mass of the most abundant 20Ne isotope (mNe = 19.99 �
1.66 � 10ÿ24 g) were assumed. No attempt was made to account
for an isotope splitting in ZnKr, ZnAr and ZnNe as the splitting
for t0 = 19, 11 and 1, respectively was calculated [1] to be smaller
as compared to the observed bound? bound and bound? free
structures in the emission spectra.

For the M–S potential, parameter n0 is generated similarly as it
is parameter n for the L-J(nÿ6) potential for which one has [19]:
n ¼ 2p2lcðx00eÞ

2ðR00eÞ
2=3hD00e; by substituting values for l mean re-

duced masses of ZnKr, ZnAr or ZnNe, as well asx00e their vibrational
frequencies, D00e well depths and R00e bond lengths obtained from
analysis of the corresponding excitation and emission spectra

[1,2,24], the n(ZnKr) = 8.2, n(ZnAr) = 11.19 and n(ZnNe) = 14.13
were calculated, respectively. Therefore, n0 = 8.2, 11.19 and 14.13
can be treated as starting parameters for ZnKr, ZnAr and ZnNe,
respectively. For the simulation, the D00e and R00e were adopted from
work of Koperski and co-workers [1,2,14,24] and Breckenridge and
co-workers [25–27]. It has to be stressed that the former were ob-
tained from analyses of so-called ‘hot’ bands giving representations
for the ground states. On the other hand, the later were treated
here as more reliable as deducted from rotational analyses. Except
an adjustment of the n0, there was one free parameter n1, which
may be found from the ‘best fit’ to the experimental spectrum.
For ZnKr and ZnAr the fitting procedure consisted of determination
of energy-positions of maxima and minima in the emission spec-
trum, determination of repulsive part of the ground-state potential
using RPOT code [28] and finally, fitting of a M–S(n0, n1) potential
to that obtained from the RPOT. The fitting procedure was per-
formed with an assumption of fixed D00e and R00e values [25–27]. It re-
lied on an adjustment of the n0 and n1 parameters results also in
Dn0 and Dn1 values. For ZnNe the above-described method was
not applicable and the Dn0 and Dn1 values were estimated using
a direct comparison of the experimental emission spectrum to that
simulated with assumed M–S(n0, n1) potential.

The results of the simulations are shown in Figs. 2c, 3c and 4b,
where they are compared with the experimental CID patterns re-
corded for ZnKr, ZnAr and ZnNe, respectively. The comparison indi-
cates very good agreement between the simulated and
experimental profiles suggesting that the M–S(n0, n1) functions
represent satisfactory the real ZnKr, ZnAr and ZnNe ground-state
potentials in their short-range regions of R. For the three com-
plexes under investigation, repulsive walls in the X1Rþ0 -state
potentials were found to be of the form of M–S(n0, n1) with
(n0, n1) = (9.09, 7.81), (10.86, 10.32) and (14.49, 8.91), respectively
(see Table 1).

The repulsive walls of the ZnKr, ZnAr and ZnNe ground-state
interatomic potentials represented by M–S(n0, n1) potentials are
shown in Fig. 5a–c (black solid lines). The potentials are compared
with the results of ab initio calculations of Czuchaj et al. [12] (blue
dotted lines) and most recent results of ab initio calculation pre-
sented in [14] (red dashed lines). The experiment-to theory agree-
ment is astonishingly good in case of ZnAr. For ZnKr the
experimentally determined M–S potential in somewhat less steep
than those from ab initio calculations. In case of ZnNe, however,
the agreement is not satisfactorily good suggesting an improve-
ment in the calculation for this molecular system in the short-
range region of R. It has to be stressed though that in case of the
ZnNe complex, determination of the short-range part of the
ground-state potential from the CID patterns is difficult as the dis-
persed emission spectra originate from low t0 giving rise to reflec-
tion-type spectra with fewer extrema. Consequently, the simulated
spectra have larger error margin with respect to comparison with
experimental CID patterns.

An interesting comparison can also be made between result of
this work obtained for ZnAr (M–S(10.86 ± 0.02,10.32 ± 0.04)) and
that of [2] i.e., M–S(11.3, 9.0). The former, reported here, is con-
cluded from analysis of the emission starting from t0 = 11 and anal-
ysis of CID patterns photographed with a CCD camera, the latter
was obtained from the fluorescence originated from t0 = 10 and
analyzed with help of a wavelength-scanned monochromator.
The two results are compared in Fig. 5b showing certain discrep-
ancy, pointing at, however, as already stated, a full agreement of
the former with results of ab initio calculations. It has to empha-
sized however, that the main difference between the results of
Ref. [2] and this work originates in the difference between the D00e
and R00e adopted in the two studies. If one adopts the D00e and R00e val-
ues, especially the R00e of Ref. [2] and the M–S potential coefficients
of this work, the difference vanishes almost completely.
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It is important to understand that the simulation of the
bound? free CID patterns with a M–S analytical representation
of the ground-state repulsive wall reproduces the real potential
in a specific, considerably narrow region of R. The repulsive part
of the ground-state potential can be ‘mapped’ accurately only to
a point of Et0 ÿ Elim ÿ D000 above the ground-state dissociation limit,
where Et0 is an energy of the emitting vibrational level, D000 is a
ground-state dissociation energy (see the scheme shown in

Fig. 1) and Elim ¼ hc=klim, where klim is the long-wavelength limit
of the recorded bound? free spectrum. Consequently, the repul-
sive walls of the ground-state potentials of ZnKr, ZnAr and ZnNe
complexes are characterized here up to 9390 cmÿ1, 5595 cmÿ1

and 415 cmÿ1, above their individual dissociation limits, respec-
tively. These correspond to characterization down to R = 2.25 Å,
2.45 Å and 3.15 Å for ZnKr, ZnAr and ZnNe, respectively (potentials
in these particular regions are shown in Fig. 5).

4.2. Bound? bound transitions – determination of the repulsive

X1Rþ0 -state potential below the dissociation limit

For all three ZnKr, ZnAr and ZnNe complexes the computer
simulation of the bound? bound part of the C1P1ðt0Þ ! X1Rþ0
spectrum was performed assuming Morse and determined-above
M–S(n0, n1) functions representing the excited and ground-state
potentials, respectively. The applied excited-state Morse represen-
tations were adopted using parameters from [1,25], [1,26] and
[24,27] for ZnKr, ZnAr and ZnNe, respectively. This assumption
was justified by the analysis of the C1P1ðt0Þ  X1Rþ0 . (t

00 = 0) exci-
tation spectra in which for the recorded t0  t00 = 0 progressions
(up to t0 = 22, 14, and 2 for ZnKr, ZnAr and ZnNe, respectively)
co-called Birge–Sponer plots [1] were linear. This sufficiently
indicated that the Morse functions are reliable representations of
the C1P1-state potentials up to the t0 levels indicated above and
can be used in the simulation of the dispersed emission spectra
originating from the t0.

The results of the simulation of the bound? bound parts of the
dispersed emission spectra of ZnKr, ZnAr and ZnNe are shown in
Figs. 2d, 3d and 4c, respectively. The simulation was performed
to resemble the detected t0 ? t00 bound? bound spectra. The indi-
vidual F-C factors corresponding to vibrational components were
convoluted with a Gaussian function having FWHM representing
the spectrograph-CCD camera throughput. Fulfilling the condition
of smooth junction of the bound? bound with bound? free parts
of the spectra was one of the criterion during the simulation. In
studies of NaK bound? free d3P1? a3R+ spectrum [22] it was
required that the amplitude of the last F-C factor in the bound
? bound fluorescence had to be equal to the initial amplitude of
the adjacent bound? free profile. Consequently, the criterion of
[22] was applied in this work.

There is a good agreement between the envelope of simulated
bound? bound components and experimental spectra, which
justifies the assumptions of the simulations. In inserts of Fig. 5
the well depths of ab initio calculated [12,14] ground-state ZnKr,
ZnAr and ZnNe potentials are compared with most reliable
experimental results of Breckenridge and co-workers obtained
for ZnKr [25], ZnAr [26] and ZnNe [27] from their rotational stud-
ies of the complexes. The agreement, especially for ZnNe and
ZnAr is evident.

5. Conclusions

The C1P1ðt0Þ ! X1Rþ0 dispersed emission in a form of reflection-
type CID patterns in ZnKr, ZnAr and ZnNe complexes were re-
corded in a continuous free-jet molecular beam crossed with a
pulsed dye-laser beam, following excitation of single t0 vibrational
levels. The experiment was performed using a spectrograph
equipped with CCD camera allowing a real-time detection of the
whole dispersed emission occurred upon the excitation revealing
a shape of the emitting t0 level wave-function squared. The dis-
persed emission spectra displayed characteristic CID patterns
consisting of bound? free reflection type continuous spectra,
and bound? bound discrete features. In simulation of the
C1P1ðt0Þ ! X1Rþ0 bound? free spectra the M–S(9.09, 7.81),

Table 1

Characteristics of ground-state repulsive parts of ZnNe, ZnAr and ZnKr obtained from
analysis of dispersed emission spectra (n0 and n1 are parameters used in the M–
S(n0, n1) potential) collected with other ground-state potentials obtained from
respective excitation [1,24–27] and dispersed emission spectra [2].

Designation ZnKr ZnAr ZnNe

x00ex
00
e [cmÿ1] 0.4e; 0.6b 1.1f; 1.2d 2.1g; 2.68 ± 0.9h

x00e [cmÿ1] 13.5e; 17.2b 20.5f; 19.8d 15g; 15.06 ± 1.8h

D000 [cmÿ1] 108e – 20g; 16.8 ± 1.2h

D00e [cmÿ1] 115e; 123b 95.9f; 81.7d 27g; 23.6 ± 1.2h

R00e [Å] 4.20e;
4.36 ± 0.03b

4.18 ± 0.07f;
4.38 ± 0.02d

4.16 ± 0.10g;
4.42 ± 0.06h

n0 8.2a;
9.09 ± 0.04c;

11.19a;
10.86 ± 0.02c;

14.13a; 14.49 ± 0.03c

8.85 ± 0.05i 11.3d; 8.59 ± 0.06i 11.33 ± 0.03i

n1 7.81 ± 0.10c 10.32 ± 0.04c; 9.0d, 8.91 ± 0.02c

6.45 ± 0.08i 6.41 ± 0.09i 11.59 ± 0.06i

a Calculated (see text and Ref. [19]).
b Ref. [1].
c This work, from simulations of dispersed emission spectra.
d Ref. [2], for ZnAr, from simulations of dispersed emission spectra.
e Ref. [25], for 64Zn84Kr, from rotational analysis.
f Ref. [26], for 64Zn40Ar, from rotational analysis.
g Ref. [27], for 64Zn20Ne, from rotational analysis.
h Ref. [24], for ZnNe, from vibrational analysis of ‘hot’ bands.
i Obtained from a fit of M–S(n0, n1) function to ab initio points of Ref. [14].
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Fig. 5. Comparison of the ground-state interatomic potentials of ZnRg (Rg = Ne, Ar,
Kr) vdW complexes. (a) ZnNe, (b) ZnAr and (c) ZnKr represented by M–S(n0, n1)
potentials obtained in this work (black solid lines). The potentials are compared
with the results of ab initio calculations of Czuchaj et al. [12] (blue dotted lines) and
most recent results of ab initio calculation presented in [14] (red dashed lines) as
well as with experimental results obtained for ZnNe [27], ZnAr [26] and ZnKr [25] in
regions of potential wells (insets, green solid lines), and ZnAr [2] in short-range
region of R (black dashed line). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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M–S(10.86, 10.32) and M–S(14.49, 8.91) potentials were found to
be good representations of the repulsive walls of the ground-state
interatomic potentials of the ZnKr, ZnAr and ZnNe complexes
down to R = 2.25 Å, 2.45 Å and 3.15 Å, respectively. Comparison
with ab initio calculated ground-state interatomic potentials shows
very good agreement in case of ZnAr. For ZnKr the comparison re-
veals that the experimentally determined M–S potential in less
steep than the ab initio calculated ones which is opposite in case
of ZnNe. It suggests more theoretical and experimental studies of
the systems in the short-range of internuclear separations. In order
to make a quantitative comparison, for each investigated complex
we fitted a M–S(n0, n1) function to ab initio points reported recently
in [14] (red dashed lines in Fig. 5). In the fitting procedure the D00e
and R00e were kept fixed and the n0 and n1 parameters were set free.
The results are collected in Table 1.

Analysis of the C1P1ðt0Þ ! X1Rþ0 (t00) bound? bound emission
spectra indicated that the M–S(n0, n1) functions are also adequate
representations of the ground-state potentials below their dissoci-
ation limits. The spectroscopic constants of the X1Rþ0 states of ZnKr,
ZnAr and ZnNe are collected in Table 1.

As already concluded in [14], in regions of repulsive interaction
one may observe a trend in an increased degree of repulsion in ab

initio calculated potentials while going from ZnHe to ZnXe complex
(this trend is not visible in Fig. 5 as the repulsive walls for three
complexes investigated here are presented in different vertical
scales). The short-range repulsion increases in the order of He
< Ne < Ar < Kr < Xe and it is directly related to the ‘hard sphere’
radii (directly related ionic radii Rion) of the two atoms in the mol-
ecule, so the repulsion increases as the Rg atoms’ Rion increase. The
comparison of the repulsive parts of the experimentally obtained
potentials with ab initio calculated potentials shows certain depar-
ture of the experimental results (particularly for ZnNe) from the
trend represented by the calculated ones. The perfect agreement
for ZnAr and satisfactorily for ZnKr are encouraging. To have a
whole picture, it is necessary to perform similar measurements
for the remaining ZnHe and ZnXe which is planned in our
laboratory.
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[13] M. Strojecki, M. Krośnicki, J. Koperski, Chem. Phys. Lett. 465 (2008) 25.
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