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Spectroscopic studies of phthalocyanines and their clusters with small 
moleculesa) 

J. A. Menapace and E. R. Bernstein 
Department a/Chemistry. Condensed Matter Sciences Laboratory, Colorado State University, Fort Collins, 
Colorado 80523 

(Received 2 April 1987; accepted 25 August 1987) 

van der W~als clusters offree base phthalocyanine (HzPc) and magnesium phthalocyanine 
(MgPc) with small hydrocarbons [Cn Hzn + z (n = 1,2,3)], hydrogen bonding solvents (HzO, 
MeOH, EtOH), and COz are studied in the gas phase using supersonic molecular jet 
spectroscopy. Fluorescence excitation spectra of the cluster systems are characterized in the 0° 
regions.ofth~ cluste~ ~l +-So t~ansitions. Forbidden low frequency cluster chromophore out-or
plan~ vlbro~lc transItions are mduced by clustering in the majority of the cluster systems 
studied. This low frequency motion is characterized using an out-of-plane normal coordinate 
analysis on the HzPc moiety. Calculations of the binding energy and ground state geometry for 
the cluste~s are carrie~ out employing Lennard-Jones (6-12-1) and hydrogen bonding (10-12-
1) potentials. Companson between the calculations and experiments allow for the 
identification of specific configurations responsible for the cluster vibronic transitions 
observed. The cluster vibronic spectra and theoretical calculations suggest that stable H Pc 
and MgPc solvation sites are located over the phthalocyano core and not over peripheral ring 
cent~rs. The HzPc/hydrocarbon cluster experimental and calculational results parallel those 
obtamed for benzene and N-heterocyclelhydrocarbon clusters studied previously. The HzPc 
and MgPc/alcohol cluster spectra and calculated geometries suggest that the solvent OH 
group is intimately involved in the intermolecular interactions and contributes significantly to 
the observed spectroscopic shifts. 

I. INTRODUCTION 

Supersonic molecular jet spectroscopy has been exten
sively utilized to study weakly bound solute/solvent van der 
Waals (vdW) clusters in an ultracold, isolated, gas phase 
environment. These investigations have led to an increased 
understanding of the intra- and intermolecular energetics 
and dynamics present in the solute solvent systems as well as 
the nucleation and growth of small clusters. I 

Presently, little information is available concerning the 
gas phase vdW clusters of macrocyclic species such as phtha
locyaninesz (Pc's) and related compounds3 with small mol
ecules even though the macrocycles themselves have been 
previously studied using supersonic molecular jet/laser 
spectroscopic techniques. Elucidation of the solvation prop
erties exhibited by these systems is of considerable interest as 
it may prove useful in the overall understanding of the trans
port and storage of small molecules in biologically active 
species4 and of the basic processes of photosynthesis.5 The 
two previous studies of porphyrin clusters3(e).3(f) include 
free base porphine with argon and Zn octaethylporphyrin 
with benzene, methanol, water, acetonitrile, and pyridine. In 
general, the spectroscopic cluster shifts reported for these 
latter systems are somewhat larger than those found for the 
present phthalocyanine systems. A brief comparison be
tween the two data sets is made at the end of this paper. 

Supersonic molecular jet investigations can contribute 
to the resolution of a number of important concerns dealing 
with the behavior of Pc/solvent systems on the microscopic 

a) ~upported in part by grants from ONR and the Philip Morris Corpora
tion. 

scale. Questions that can be considered are ( 1) what are the 
ground and excited state interaction energies between Pc 
and various solvents, (2) what are the preferential intermo
lecular interaction sites on the Pc moiety, (3) what are the 
most favorable cluster geometries, (4) what types ofinterac
tions are important in the intermolecular potential estab
lished between the solute and solvent, and (5) are changes in 
the chromophore symmetry/geometry induced by cluster
ing. The answers to these questions will certainly be helpful 
to those employing Pc's or related systems in reactions and 
other chemical processes. 

This paper reports the first supersonic molecular jet 
studies of the gas phase solvation of Pc's in a well-defined 
and controlled molecular environment. This report includes 
the spectroscopic results of free base phthalocyanine (HzPc) 
and magnesium phthalocyanine (MgPc) clustered with hy
drocarbon solvents (CH4, CZH 6, and C3HS), hydrogen 
bonding solvents (HzO, MeOH, EtOH), and COz along 
with the calculated modeling of selected cluster characteris
tics. The spectroscopic results include the 1T* +-1T fluores
cence excitation (FE) spectra of the clusters near the Pc og 
transitions. The calculated results include the ground state 
geometry and the binding energy for each of the cluster sys
tems studied. The HzPc cluster spectra and calculated geo
metries and binding energies are compared with those ob
tained for the MgPc clusters. Differences and similarities 
between the HzPc (MgPc) clusters and the aromatic hydro
carbon and N-heterocycle clusters are discussed. Specifical
ly, trends in spectral shifts, relative solute/solvent orienta
tions, and binding energies are noted. Finally, the results of 
an out-of-plane normal coordinate analysis for HzPc are dis-
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cussed and compared to both Pc and cluster spectra within 
the first few hundred wave numbers of the origin transitions. 

II. EXPERIMENTAL PROCEDURES 

The majority of the apparatus used in these experiments 
has been previously described6

; therefore, only a description 
of the equipment and procedures unique to the present stud
ies will be discussed. A high temperature continuous super
sonic nozzle fabricated to generate and analyze the H2Pc and 
MgPc clusters is shown in Fig. 1. The expansion region is 
constructed by welding a stainless steel pinhole (Micro En
gineering) A onto a 1/4 in. tube connector gland (Cajon 
VCR) B. The pinhole/gland is attached to the nozzle back
ingregionCusinga 1/4 in. tube connector (Cajon VCR) D. 
Stainless steel gaskets are used to insure proper connector 
sealing throughout the nozzle operating temperature range. 
This setup allows different size pinhole assemblies (nozzle 
throats) to be attached to the nozzle to obtain various peak 
experimental backing pressure and gas throughput condi
tions. A 100 f.J pinhole is used to perform the expansion in the 
H 2Pc and MgPc cluster experiments. The nozzle backing 
region is constructed from 1/2 in. stainless steel tubing. The 
tubing extends through the vacuum chamber wall E passing 
through a vacuum quick disconnect (MDC Vacuum) F. 
Connection of the nozzle to the expansion gas line is accom
plished using a stainless steel tube connector (Swagelok) G. 
Solid samples are placed in the nozzle backing region using a 
quartz "boat" H which can be inserted into the nozzle 
through the expansion gas line connection. The boat facili
tates access to the nozzle backing region while the nozzle is 
in the vacuum chamber and is heated. It allows for easy 
inspection of the sample during and after an experiment 
without nozzle removal or nozzle cooling. The nozzle is 
heated using two heating coils (ARL Industries) I located 
around the expansion and backing regions. The heaters are 
capable of maintaining the nozzle at temperatures up to 
650°C. The heaters are independently controlled using two 
transformer assemblies. Nozzle temperature is monitored 
using two iron-constantan thermocouples (Omega) J 
placed around the expansion and backing regions. The noz-

\ G 
F 

B K H 

FIG. 1. High temperature continuous supersonic molecular jet nozzle (see 
the text). 

zlelheater assembly is enclosed in a stainless steel shield K to 
minimize heat loss and to maintain uniform nozzle heating. 

FE spectra of the H 2Pc, MgPc, and their respective sol
vent clusters are obtained using a Nd + 3 /y AG pumped 
DCM (Exciton) dye laser. Dye laser output is 46-60 mJ/ 
pulse in the vicinity of the H 2Pc and MgPc og transitions. 
Total excited state fluorescence is collected using af /1.2 5 
cm lens focused at 5-8 mm in front of the nozzle throat and 
detected by a water cooled RCA C31034 photomultiplier 
tube. The photomultiplier tube output is amplified 10 X us
ing an Ortec 9301 amplifier. The signal is then sent to a 
boxcar/computer for averaging and digital storage. Fluores
cence wavelength calibration is provided by an optogalvanic 
cell with iron and neon lines as standards. 

H 2Pc (Aldrich) and MgPc (Eastman Kodak) are puri
fied by vacuum sublimation before use. The solid samples 
are pelletized prior to insertion into the nozzle to minimize 
and control sample consumption. Granular samples placed 
in the nozzle are consumed at a rate of - 45 mg/h. Pelletiza
tion reduces sample consumption by about a factor of 30 
without significant loss in fluorescence intensity. 

The H2Pc and MgPc solid samples are heated to 380-
640°C to provide sufficient vapor density to perform the 
spectroscopy. Methane, ethane, propane, or carbon dioxide 
is doped into helium carrier gas at concentrations of up to 
1 % (partial pressure). The gas is then mixed with the H2Pc 
or MgPc in the nozzle backing region and expanded using 
pressures ranging from 100-200 psig. Water, methanol, or 
ethanol is seeded into the helium carrier gas by passing the 
carrier gas through an in-line trap containing the liquid sol
vent. 

Over the temperature ranges utilized in the studies, 
neither the H 2Pc or MgPc samples showed any visual evi
dence of thermal decomposition in the presence of the seeded 
solvent species. Additionally spectra of isolated H2Pc and 
MgPc taken before and after seeding the jet with solvent are 
identical: no evidence is found for sample decomposition in 
the nozzle chamber. 

Calculations of the ground state cluster binding energies 
and geometries are conducted using an empirical intermole
cular potential generated from additive atom-atom poten
tials set into a Lennard-Jones format. The potential includes 
general nonbonding (6-12), monopole charge (1), and hy
drogen bonding ( 10-12) terms. 7 This potential has been suc
cessfully applied in our previous work on benzene and 
N-heterocycle/solvent systems.8 The calculations are con
sistent with experimental observations with regard to cluster 
binding energy, the number of distinct cluster configurations 
observed, and the intermolecular vibronic structure present 
in the spectra. The H 2Pc and MgPc structures used in the 
calculations are obtained from crystal structure data.9 The 
atom-atom potential for magnesium is approximated using 
experimentally determined polarizabilities,1O interatomic 
distance, II and the Slater-Kirkwood approximation. 12 

Atomic partial charges employed to model the monopole 
charge interaction are taken from extended Huckel 13 calcu
lations. The hydrocarbon and water structures are those pre
viously used in studying benzene and N-heterocycle clus
ters.1(f),l(g),8 The CO2, MeOH, and EtOH structures are 
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TABLE I. Calculated out-of-plane mode frequencies for H2Pc. 

Calculated D2h Observed overtone" 
mode energy symmetry energy Mode 

(em-I) species (em-I) designation 

14.8 B lu 31.2(15.6) A 

24.5 B lu 51.8(25.9) B 

84.0 B lu 163.7(81.9) C 
33.1 Au 71.4(35.7) D 

71.7 Au 141.7(70.9) E 

38.6 B 2g 85.4(42.7) or 100.6(50.3) F 

72.1 B 2g 176(88) or 203.1(101.6) G 
38.2 B 3g 85.4(42.7) or 100.6(50.3) H 

71.4 B 3g 176(88) or 203.1 (101.6) J 

• Values in parentheses are forbidden fundamental mode energies inferred 
from overtone transitions. 

taken from Refs. 14, 15, and 16, respectively. 
The out-of-plane normal coordinate analysis for HzPc is 

conducted using the FG matrix method of Wilson et al. 17 

The details of the analysis will be reported elsewhere. 18 

Briefly, the nuclear motion is modeled using a set of 82 inter
nal coordinates; 48 C-C(N) bond torsions, 18 C(N)-H 
bond wags, and 16 C-C(N) bond wags. The valence force 
field for the F matrix consists of the diagonal force constants 
describing the out-of-plane ground state motions in ben
zene. 19 In this gross approximation, all HzPc bond torsion 
force constants are assumed to be the same as the C-C tor
sions in benzene. All bond wag force constants are assumed 
to be the same as the benzene C-H wags. The out-of-p1ane 
vibrations calculated using these assumptions should give a 
reasonable estimate of the large amplitude low frequency 
motion ( < 100 cm - I) observed in the spectrum as these 
modes are, for the most part, insensitive to minor changes in 
the force constants governing the motion. For example, 
varying the force constants by ± 10% causes the lowest fre
quency mode calculated at 14.8 cm -I to shift by about 
± 0.8 cm -I. The high frequency motion (~500 cm -I) cal

culated using these assumptions are, on the other hand, sen-
sitive to changes in the force constants. These modes, how
ever, have no bearing in the present study so they need not be 
discussed. The secular equation describing the nuclear mo
tion is symmetry factored into four species sets (B lu , Au, 

B zg , and B 3g ) under the DZh point group. The factored equa-

Free Base Phthalocyanine 

15120 15300 

FIG. 2. FE spectrum of og region of H2Pc taken at T, = 570 'C, 
Tb = 460 'C, and Po = 200 psig He. Peak assignments are given in Table II. 

TABLE II. Observed vibronic transitions in the vicinity of the H2Pc og. 

Energy 
Energy Wavelength relative 

(vac. em-I) (vac. A) to og (em-I) Assignment· 

15 131.8 6608.6 0 00 
0 

15 163.0 6595.0 31.2 A~ 
15 183.6 6586.1 51.8 B~ 
15 193.9 6581.6 62.0 A~ 
15203.2 6577.6 71.4 D~ 
15215.6 6572.2 83.8 A~ +B~ 
15217.2 6571.5 85.4 F~ or H~ 
15225.8 6567.8 93.9 b 
15228.0 6566.9 96.2 Ab +cb 
15232.4 6564.9 100.6 F~ or H~ 
15258.7 6553.6 126.9 b 
15273.5 6547.3 141.7 E2 

0 

15290.5 6540.0 158.7 126.9 +A ~ 
15295.5 6537.9 163.7 C2 

0 

15307.8 6532.6 176 G~orJ~ 

• Assignments based on normal coordinate analysis results (see Table I). 
b Modes possibly due to in-plane motion. 

tions are individually diagonalized to yield 15 B lu ' 13 Au, 

13 Bzg , and 14 B3g out-of-plane frequency eigenvalues and 
eigenvector normal modes. (See Table I.) 

III. RESULTS 
A. Isolated ultracold molecular FE spectra of H2Pc and 
MgPc 

Figure 2 presents the FE spectrum of the HzPc SI"-SO 
transition (Qx band) in the vicinity of the og. The spectrum 
is taken at 200 psig helium backing pressure (Po), a nozzle 
expansion region temperature (Te) of 570 'c, and a nozzle 
backing region temperature (Tb ) of 460 'c. The general na
ture of the spectrum has been previously described. z The 
purpose of its reproduction in this paper is (1) to present a 
detailed account of the low frequency vibronic transitions 
observed in the vicinity of the og which have not been pre
viously reported in the literature, Table II, and (2) to pro
vide an isolated chromophore spectrum which can be com
pared to the cluster spectra, all of which are taken under 

o~ Magnesium Phthalocyanine 

15600 15780 

FIG. 3. FE spectrum of og region of MgPc taken at T, = 630 'C, 
Tb = 397 'C, and Po = 120 psig He. Peak assignments are given in Table 
III. 
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TABLE III. Observed vibronic transitions in the vicinity of the MgPc og. 

Energy 
Energy Wavelength relative 

(vac. cm-I) (vac.A.) toog (cm- I) Assignment' 

15612.1 6404.5 0 00 
0 

15643.0 6392.6 30.9 A2 
0 

15666.7 6383.0 54.6 0 2 
0 

15673.2 6380.3 61.1 A' 0 

15704.4 6367.6 92.3 F~ or H~ 
15709.0 6365.8 96.9 b 
15714.6 6363.5 102.5 F~ or H~ 
15742.1 6352.4 130.0 
15750.1 6349.2 138.0 £2 

0 

15778.0 6337.9 165.9 
15783.5 6335.7 171.4 
15786.0 6334.7 173.9 b 

, Assignments based on normal coordinate analysis results (see Table I). 
b Modes are due to in-plane motion. 

nearly identical experimental conditions. 
The FE spectrum of the MgPc Sj +-So transition (Q 

band) in the vicinity of the og is shown in Fig. 3. The spec
trum is taken using Po = 120 psig helium, Te = 630 ·e, and 
Tb = 397 ·C. Table III lists the energies of the vibronic tran
sitions observed in this portion of the spectrum. 

B. Hydrocarbon clusters: CH4 • C2H6 • and C3Ha 

The H 2Pclhydrocarbon cluster FE spectra observed in 
the vicinity of the H2Pc og are presented in Fig. 4. The ener
gies of the observed cluster transitions are listed in Table IV. 
In these experiments, solvent concentration is varied be
tween 0.07% and 1 % and the backing pressure is varied 
between 0 and 300 psig. Below 0.07% solvent concentration, 

TABLE IV. H2Pc hydrocarbon cluster transitions in the vicinity of H2Pc og. 

Cluster Energy 
og relative relative 

A 

c 

-40 o 60 

FIG. 4. FE spectra ofH2Pc/Cn H 2n + 2 clusters in the vicinity of the H2Pc 
og. The H 2Pc(CH.)I spectrum (A) is taken at T. = 540 'C, Tb = 430 'C, 
Po = 200psig He, and 0.1 % CH •. The H 2Pc(C2H 6 ) I spectrum (B) is taken 
at T. = 540 'C, Tb = 430 'C, Po = 160 psig He, and 0.1 % C2H6 • The 
H2Pc(C3Hs) I spectrum (C) is taken at Te = 580 'C, Tb = 435 'C. 
Po = 160 psig He, and 0.1 % C3HS' Peak assignments are given in Table IV. 

Energy to H 2Pc to cluster 
Species (vac. cm- I) og (cm- I) og (cm- I) Assignment 

H 2Pc(CH.)I 15117.2 -14.6 0 00 
0 

15148.5 31.3 A2 
0 

15 163.5 51.3 0 2 
0 

H2Pc(C2H6 ) I 15 105.9 - 25.9 0 109 
15 121.5 15.6 AI 

0 

15 138.6 32.7 A2 
0 

15113.0 - 18.8 0 II og 
15144.3 31.3 A2 

0 

H2Pc(C3Hs) I 15098.4 - 33.4 0 109 
15 113.2 14.8 AI 

0 

15 106.7 - 25.1 0 II og 
15 122.4 15.7 AI 

0 

15138.1 31.4 A2 
0 
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B c 
FIG. 5. Calculated minimum energy geometries for H 2Pc(CH.)I (A), 
H 2Pc(C2H 6 ) I (B), and H 2Pc(C3Hg) I (C). The cluster binding energies 
and solute/solvent center-of-mass coordinates are given in Table V. 

no cluster transitions are observed; above about 0.3%, the 
cluster spectra appear broad and featureless to the red of the 
H2Pc og. Below 50 psig backing pressure, the spectra be
come broad; at 100 to 300 psig, no new cluster transitions 
emerge in the region probed. 

Sharp spectra of MgPc/hydrocarbon clusters could not 
be generated through the range of 0.06% to 3% solvent con
centration, the spectra vary from no observable cluster tran
sitions to broad cluster bands which extend some 60 cm -I to 
the red of the MgPc origin. The exact reason for this behav-

ior is not clear. The MgPc sample, however, is not decom
posed by the hydrocarbon solvents as mentioned above. 

The ground state geometries calculated for the H 2Pc/ 
hydrocarbon clusters are shown in Fig. 5. The cluster bind
ing energies and solute/solvent center-of-mass coordinates 
are listed in Table V. For H 2Pc(C2H6 )I' a geometry nearly 
isosenergetic with geometry II is calculated but not shown. 
The geometry is largely the same as II but has the C2H6 10ng 
axis rotated by 90· about the H2Pc symmetry z axis with 
respect to geometry II. The geometry has a binding energy of 
1564 cm- I

• For H 2Pc(C3Hsh, two additional cluster geo
metries are calculated and not shown. Geometry III is simi
lar to geometry II in that the solvent C2 axis lies perpendicu
lar to the H 2Pc molecular plane; however, the C3HS is 
inverted in this geometry with respect to geometry I. The 
cluster binding energy is 1975 cm - I. Geometry IV is nearly 
isoenergetic with geometry I. The geometry is largely the 
same as II but has the C3HS rotated by 90· about the H 2Pc 
symmetry z axis. This geometry has a binding energy of 2202 
cm- I • 

c. H20, MeOH, and EtOH clusters with H2Pc and Mgpc 

Figures 6 and 7 and Table VI present the H 20, MeOH, 
and EtOH solute solvent cluster spectra observed in the vi
cinity of their respective H 2Pc and MgPc og transitions. The 
H2Pc cluster spectra are observed using Po = 150 psig heli
um, Te = 570 ·C, and Tb = 435 ·C. The MgPc cluster spec
tra are observed using Po = 135 psig helium, Te = 630 ·C, 
and Tb = 480 .c. 

The ground state geometries calculated for the above 

TABLE V. Calculated cluster binding energies, solvent center-of-mass positions, and solvent orientation specifics. 

Location of 
Binding solvent center-of-mass' 

Fig. Energy 
Cluster Ref. (em-I) x y z Solvent orientation (remarks) 

H 2Pc(CH.)I 5 1176 0.246 0.209 3.005 Three solvent hydrogens point toward 
solute 

H 2Pc(C2H 6 )I 5 1360 0.133 0.383 3.747 (I) Lower solvent CH3 is situated 
as CH. in H 2Pc (CH.) I 

5 1574 0.672 0.022 3.206 (II) Centermost solvent CH3 has two 
hydrogens toward solute 

H 2Pc ( C3Hg) [ 5 2024 0.293 - 0.929 3.456 (II) Terminal CH3 groups on solvent 
point toward solute. Each CH3 has two 
hydrogens pointing down 

5 2225 0.427 0.408 3.312 (I) 

H 2Pc(H,o)I 8 1617 0.042 - 0.030 2.550 Solvent hydrogens point toward solute 
H 2Pc(MeOH)I 8 1884 -0.101 0.260 2.985 Two solvent CH3 hydrogens and hydroxyl 

hydrogens point toward solute 
H 2Pc(EtOH)I 8 2055 0.592 0.602 3.143 (I) 

8 2082 - 0.013 -0.005 3.488 Solvent groups closest to solute 
are situated as MeOH in H 2Pc(MeOH)1 

MgPc(H20) I 9 1553 0.492 1.478 3.011 Solvent hydrogens point toward solute 
MgPc(MeOH)I 9 2013 0.447 1.602 3.363 Solvent hydroxyl hydrogen points toward 

solute 
MgPc(EtOH) I 9 2954 -0.076 0.937 3.351 

H 2Pc(C02 )I 11 1992 0.126 0.017 2.784 
Mg(C02 )1 11 2336 0.986 1.937 3.142 

• The solute center-of-mass is located at x = y = z = 0 for all clusters. 
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-80 o 

FIG. 6. FE spectra of H2Pc/ROH clusters in the vicinity of the H2Pc og. 
The spectra are obtained using Te = 570 'C, Tb = 435 'C, and Po = 150 
psig He. Traces (A), (B), and (C) correspond to H2Pc(H20)" 
H2Pc(MeOH) 1> and HzPc(EtOH)" respectively. Peak assignments are 
given in Table VI. 

I MgPc- ROH 

) 

L/ M II 

V } I 

A 
I I 

c 

o 100 

FIG. 7. FE spectra of MgPc/ROH clusters in the vicinity of the MgPc og. 
Traces (A), (B), and (C) correspond to MgPc(H20)" MgPc(MeOH)], 
and MgPc(EtOH)], respectively. The spectra are taken at Te = 630 'C, 
Tb = 480 'C, and Po = 135 psig He. Peak assignments are given in Table VI. 
The arrows indicate cluster transitons. 

mentioned cluster series are shown in Figs. 8 and 9. The 
cluster binding energies and geometry specifics are listed in 
Table V. ForH2Pc(EtOH) I' a geometry similar to geometry 
I is calculated but not shown. The cluster binding energy is 
20S3 cm- I

. This geometry has the EtOH rotated by 90° 
about the H 2Pc symmetry z axis with respect to I. 

D. CO2 clusters of H2 Pc and MgPc 

The H 2Pc/C02 and MgPc/C02 FE spectra observed in 
the vicinity of the cluster chromophore og transitions are 
shown in Fig. 10. The cluster transition energies are listed in 
Table VII. In these experiments, both backing pressure and 
CO2 concentration are varied. As in the H2Pc/hydrocarbon 
cluster experiments, no new or additional sharp cluster tran
sitions are observed under these conditions. The ground 
state cluster geometries for H 2Pc(C02 ) I and MgPc(C02 ) 1 

are shown in Fig. 11. The cluster binding energies are listed 
in Table V. 

IV. DISCUSSION 

Before analyzing the individual cluster systems in detail, 
we will discuss the low frequency out-of-plane vibrational 
motion of isolated H 2Pc and MgPc. Elucidation of the out
of-plane motion in these molecules is essential to the under
standing of the cluster spectra and in the identification of the 
number of different clusters of a specific composition ob
served. The nature of molecular motion associated with each 
spectral feature is determined by using the results of an out
of-plane normal coordinate analysis for isolated H 2Pc. Table 
I lists the nine lowest energy out-of-plane modes calculated. 
Given the qualitative nature of the force field used in the 
analysis, the calculated vibrational energies compare quite 
well with the fundamental energies inferred from the ob
served overtone transitions presented in Fig. 2 and Table II. 

Three B lu fundamentals are calculated at 14.8, 24.S, 
and 84.0 cm -I. In the isolated H 2Pc spectrum, these vibra
tions are observed as symmetric overtones at 31.2 (A 6 ), 
S1.8 (B6), 62.0 (A 6), and 163.7 (C6) cm- I

• The sym
metry forbidden fundamentals are thus located at lS.6, 2S.9, 
and 81.9 cm -I using a harmonic oscillator assumption. Two 
A lu modes calculated at 33.1 and 71.7 cm- I correspond to 
the forbidden out-of-plane fundamentals at 3S.7 and 70.9 
cm- I which are observed as overtones at 71.4 (D6), and 
141.7 (E6) cm- I

• ThetwoB2g (B3g ) modes calculated at 
38.6 (38.2) and 72.1 (71.4) cm- I correspond to the funda
mentals of the observed overtone transitions at 8S.4 and 
100.6 (F6 or H6)cm- l andat176and203.1 (G60rJ6) 
cm -I. The low energy out-of-plane vibronic transitions in 
the vicinity of the MgPc origin are similarly assigned (Fig. 3 
and Table III). 

Five out of the nine lowest energy out-of-plane vibra
tions are responsible for the vibronic transitions observed in 
the first 100 cm -I the H 2Pc SI manifold. These five modes 
involve large amplitude displacements of the four isoindole 
groups comprising H 2Pc. The qualitative forms of the mo
tion can be described by the two sets of operations indicated 
in Fig. 12: (a) the tilt of the isoindole groups around the line 
A through the pyrrole a carbons; and (b) the rotation of the 
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TABLE VI. H 2Pc(H20)I' H 2Pc(MeOH)I' H 2Pc(EtOH)t> MgPc(H20)I' MgPc(MeOH)I' and 
MgPc(EtOH) I cluster transitions in the vicinities of the chromophore og. 

Species 
Energy 

(vac. cm-I) 

Cluster og 
relative to 

to H 2Pc/MgPc 
og (cm- I ) 

Energy 
relative 

to cluster 
og (cm- I ) Assignment 

MgPc(MeOH) I 

MgPc(EtOH)I 

15060.6 
15076.3 
15091.8 
15 108.2 
15 115.7 

15049.8 
15066.1 
15081.2 

15040.9 
15035.3-
15051.7-

15048.5 
15064.6 
15080.2 

15658.7 
15672.6 
15683.0 
15687.8 
15696.4 
15715.8 
15660.4 
15674.5 
15690.2 
15701.0 
15717.3 

15658.4 
15672.5 
15687.9 
15696.8 
15 713.7 
15660.4 
15674.8 
15690.3 
15701.2 
15717.8 

15661.7 
15676.3 
15684.7 
15700.6 
15714.6 

-71.2 

- 82.0 

-90.9 

- 83.3 

46.6 

48.3 

46.3 

48.3 

49.6 

-Weak features (Fig. 6)-assignment must be considered tentative. 

o 
15.7 
31.2 
47.6 
55.1 

o 
16.3 
31.4 

o 
15.8 
32.2 
o 

16.1 
31.7 

o 
13.9 

29.1 
37.7 
57.1 
o 

14.2 
29.8 
40.6 
56.9 

o 
14.1 
29.8 
38.4 
55.3 
o 

14.4 
29.9 
40.8 
57.4 

o 
14.6 

38.9 
52.9 

isoindole groups around the line B between the inner ring 
nitrogens and the midpoint between outer benzene carbons. 
The B 1 u vibration calculated at 14.8 cm - 1 corresponds to 
(a) type motion in which a set of opposite isoindole groups 
tilts out of the molecular plane in one direction and other set 
of opposite isoindole groups tilts out of the plane in the oppo
site direction. The B 1u vibration calculated at 24.5 cm- 1 is 
similar to the 14.8 cm- 1 mode; however, all the isoindole 

00 
o 

Al o 
A2 o 

log 
Ab 
A~ 

/Jog 
Ab 
A~ 

00 
o 

Al o 

og 
Al o 
A2 o 

Fb or Hb 
B2 o 
00 

o 

Ab 
A~ 

Fb or Hb 
B2 o 

00 
o 

Al 
o 

Fb or Hb 
B~ 

groups tilt out of the plane about theA axis (Fig. 12) in the 
same direction. The mode form looks similar to the forming 
ofa "bowl" out of the phthalocyano skeleton. TheA u mode 
(33.1 cm -1) involves type (b) motion of adjacent isoindole 
groups in one direction and the other two adjacent isoindole 
groups in the opposite direction. The motion looks like "ruf
tling" of the molecular skeleton. TheBzg mode (38.6 cm- 1

) 

corresponds to (a) and (b) type motions of opposite isoin-
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A B 

c 

FIG. 8. Calculated minimum energy geometries for H2Pc(H20), (A), 
H2Pc(MeOH), (B), and H2Pc(EtOH), (C). The cluster binding energies 
and solute/solvent center-of-mass coordinates are given in Table V. 

dole groups. The vibration form is such that one set of the 
opposite groups tilts out of the molecular plane about A in 
different directions. The other set of opposite groups rotates 
about B in the same direction. Overall, the motion looks 

A 

B 

c 

FIG. 9. Calculated minimum energy for 
MgPc(H20), (A), MgPc(MeOH), (B), 
and MgPc(EtOH) , (C). The cluster bind
ing energies and solute/solvent center-of
mass coordinates are given in Table V. 

° 

A 

MgPc-C02 

~ . 
B 

60 

FIG. 10. FE spectra H2Pc(C02 )" and MgPc(C02 ), in the vicinities of the 
cluster chromophore og transitions. The H2Pc (C02 ) , spectrum (A) is tak
en at T, = 500 'C, Tb = 485 'C, Po 150 psig He, and 0.2% CO2, The 
MgPc(C02 ), spectrum (B) is taken at T, = 443 'C, Tb = 412 'C, Po psig 
He, and 0.2% CO2 , Peak assignments are given in Table VII. The arrows 
indicate cluster transitions. 

similar to the forming of a "chair" out of the phthalocyano 
moiety. The B3g mode (38.2 em-i) form is similar to that 
associated with the B2g mode. The motion is the same in the 
both cases; however, the (a) and (b) motion is exchanged 
between the two opposite groups in the B3g mode with re
spect to the motion in the B2g mode. 

Chromophore out-of-plane fundamental and/or over
tone transitions are observed in the vicinity of the cluster 
origins (vide infra) for all of the H 2Pc and MgPc systems 
discussed below. The observation of the cluster chromo
phore out-of-plane fundamentals in the cluster spectra can 
be rationalized using the results of the above normal coordi
nate analysis and group theoretical arguments: clusters have 
reduced symmetry with respect to the isolated chromophore 
H2Pc or MgPc but nearly identical chromophore molecular 
vibrations. For example, in the H 2Pc(H20) i' the symmetry 
is reduced from D2h to, at most, C2v (see Fig. 8). Under this 
reduced symmetry, the forbidden B 1u fundamental vibra
tions in isolated H 2Pc correlate to A i vibrations in C2v ' The 
modes are therefore fully allowed by symmetry and should, 
in principle, be observed if Frank-Condon factors are favor
able. 

vdW vibrational mode eigenvectors and eigenvalues 
have been calculated for a number of different solute/solvent 
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A 

B 

FIG. 11. Calculated minimum 
energy geometries for 
H2Pc(C02 )I (A) and 
MgPc(C02 )1 (D). The clus
ter binding energies and center
of-mass coordinates are given 
in TableV. 

systems, including benzene, pyrazine, etc. with many of the 
same solvents employed in this work. 8 The calculated vdW 
mode energies compare quite well with those observed in the 
vibronic spectra for all the cluster systems analyzed. Based 
on the methods developed in these previous studies, we cal
culate that the lowest energy vdW modes for the H2Pc and 
MgPc/solvent systems are - 50 cm -1. Thus, features be
tween cluster origins and ~ + 50 cm - 1 are most likely not 
vdW vibronic modes of the clusters. Moreover, these same 
studies demonstrate that high energy vdW modes (> 50 

cm -1) do not have large intensity due to poor Franck-Con
don factors. A fuller discussion of these issues is presented 
below. 

On the basis of the above notions, the cluster spectra are 
analyzed using four premises. First, the cluster transitions 
are identified as those features not associated with the isolat
ed H2Pc or MgPc moiety. Second, the cluster origins are 
assigned to be the lowest energy cluster transitions observed. 
Third, the cluster vibronic manifolds associated with each of 
the origins should, and do, exhibit chromophore out-of
plane fundamental and overtone transitions (which have the 
same energy for all clusters) commensurate with those ob
served and/or calculated for isolated H2Pc or MgPc. And 
fourth, due to the similarity between the vdW potential sur
faces for the chromophore So and S 1 states and the relatively 
large energies (see below) of the vdW modes in these sys
tems, little if any vdW vibronic mode intensity should be 
observed. (Note that this expectation is also corroborated by 
porphyrin cluster spectra.3

(e).3(f) ) 

A. Hydrocarbon clusters of HzPc and MgPc 

The H 2Pc/methane spectrum, Fig. 4(a) and Table IV, 
exhibits a cluster transition at 14.6 cm -1 to the red of the 
H2Pc og. This transition is assigned to the og of a single 
H2Pc/methane species. As discussed above, features 31. 3 
and 51.3 cm -1 to the blue of the cluster og correspond to 
cluster chromophore out-of-plane symmetric overtones, A ~ 
and B ~. Both transitions are shifted by - 14.6 cm -1 with 
respect to their corresponding transitions in the isolated 
H2Pc spectrum. The A b transition is not observed as it may 
be weak and/or within the linewidth of the H2Pc isolated 
molecule og . 

The cluster transitions are most likely due to 
H2Pc (CH4 ) 1 since no new additional sharp transitions are 
observed when either the CH4 concentration or the backing 
pressure is increased. Increasing the CH4 concentration 
and/or the backing pressure should yield higher order clus
ters. From prior experience with other solute/solvent cluster 

TABLE VII. H2Pc(C02 )I and MgPc(C02 ) I cluster transitions in the vicinity of the chromophore og. 

Cluster og Energy 
relative to relative 

Energy H2Pe/MgPe to cluster 
Species (vac. em-I) og (em-I) og (em-I) Assignment 

H2Pc(C02 )I 15 145.8 14.0 0 0° 0 

15 161.2 15.4 AI 
0 

15 176.5 30.7 A2 
0 

MgPc(C02 )I 15630.0 17.9a 0 00 
0 

15649.9 19.9 AI 
0 

15664.6 34.6 A2 
0 

15634.7 22.6a 0 00 
0 

15655.8 21.1 AI 
0 

15667.0 32.3 A2 
0 

"Transitions correspond to same cluster geometry species (see the text). 
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FIG. 12. Operations showing qualitative out-of-plane vibrational motion in 
H2Pc/MgPc. 

systems,1(f).l(g).6 higher order clusters typically yield more 
than one set of cluster transitions. Additive shifts are also 
observed in most cases resulting from inhomogeneous nu
cleation processes in which solvent molecules bind symme
trically to opposite sides of the chromophore molecular 
plane. 

The predominance of 1: 1 solute/solvent clusters in the 
expansion may be rationalized on the basis of large solute/ 
solvent binding energy vs small solvent dimer binding ener
gy.6 In the systems presently studied, the solute/solvent 
binding energies are sufficiently large that when a solvent 
dimer collides with a solute molecule, the dimer dissipates 
some of the cluster binding energy via vibrational predisso
ciation. This interactive collision leaves one solvent mole
cule bound to the solute while the other solvent carries off 
enough of the cluster energy to stabilize the vdW bond until 
further collisional cooling can take place. These notions 
would lead one to conclude that 1: 1 solute/solvent cluster
ing predominates in the other clusters systems analyzed as 
well. Apparently this cluster nucleation and growth mecha
nism is quite general for many different clusters. 6 

The existence of a single H2Pc (CH4 ) I geometry respon
sible for the cluster origin in the spectrum is further corrobo
rated by the ground state configuration calculation depicted 
in Fig. 5(a). In this geometry, the CH4 cluster subunit is 
situated above the H 2Pc plane and is coordinated to the 1T

cloud ofthe aromatic ring. The cluster geometry is interest
ing in the respect that the cluster solvent uniquely lies nearly 
over the H 2Pc core: none of the several potential solvation 
sites located over each of the H2Pc closed ring subunits is 
apparently a true local potential energy minimum. One can 
envision three distinct cluster sites on the H2Pc moiety: (1) 
above the H2Pc core (most stable); (2) above one of its four 
five-membered rings; or (3) above one of its four six-mem
bered rings (least stable). If all three of these sites were phy
sically accessible, three different cluster spectral shifts 
should be observed corresponding to the three distinct sites. 
Since the single cluster origin in the spectrum suggests that 
only one geometry is stable, two out of the three speculated 

minima are either nonexistent or not sufficiently deep to ac
commodate bound state geometries. The observed cluster 
origin at - 14.6 cm- I from the H2Pc og probably corre
sponds to a geometry very similar to the calculated one [Fig. 
5(a)]. 

H2Pc clustered with ethane, Fig. 4(b) and Table IV, 
reveals two cluster origins at 25.9 and 18.8 cm -I to the red of 
the H2Pc og. Two weak transitions to the blue of the H2Pc og 
correspond to cluster chromophore out-of-plane vibrations 
A ~ built upon the two cluster origins. The transition at 
- 10.3 cm -I corresponds to the fundamental of the out-of

plane cluster chromophore vibration A 6 (15.6 cm - I) built 
upon the origin at - 25.9 cm -I. The cluster chromophore 
fundamental built upon the cluster origin at - 18.8 cm - I is 
not observed as it may be weak and/or within the linewidth 
of the H2Pc og. 

These cluster manifolds most likely correspond to 
H2Pc(C2H6) I clusters since, as in the H2Pc(CH4 ) I case, as 
both concentration and backing pressure are varied, the 
spectrum does not yield any additional sharp transitions. 
Furthermore, no additive spectral shifts are observed indica
tive of higher order clusters with ethane subunits situated 
above and below the H2Pc plane. The same arguments used 
to rationalize the predominance of 1: 1 clusters in the 
H2Pc (CH4 ) I case are applicable to this system as well. 

The two H2Pc(C2H6) I cluster geometries shown in Fig. 
5 (b) support the assignment of two cluster geometries. Both 
geometries have the C2H6 situated over the center of the 
H2Pc core as found for H2Pc(CH4 )1' Geometry I should 
yield a larger spectral shift than geometry II based upon 
polarizability arguments previously discussed for single ring 
cluster systems.1(g).20 Briefly, the species with the larger 
spectral shift is associated with the solute/solvent relative 
orientation for which the direction of the large solvent polar
izability is perpendicular to the solute molecular plane. Us
ing this argument, a geometry similar to I would be associat
ed with the cluster origin 25.9 cm- I to the red of the H2Pc 
og. As mentioned in the Results section, two specific solvent 
orientations are consistent with the qualitative solute/sol
vent geometry of calculated H2Pc(C2H6 ) I configuration II 
[see Fig. 5 (b) ]. One would not expect a spectroscopic dif
ference between the two geometries as they differ by a 90° 
rotation about the symmetry z axis ofH2Pc. These two direc
tions as far as the H 2Pc moiety is concerned should be rough
ly equivalent in terms of polarizabilities and 1T-cloud over
lap. 

The H2Pc/propane clusters, Fig. 4( c) and Table IV, are 
assigned on the basis of similar arguments presented for the 
other two hydrocarbon clusters studied. In the spectrum, 
two H2Pc (C3HS) I cluster origins appear at 33.4 and 25.1 
cm -I to the red of the H2Pc og. Two cluster vibronic mani
folds to the blue of each origin are assigned to cluster chro
mophore vibronic fundamentals and first overtones. For the 
cluster manifold beginning at - 33.4 cm -I, the A 6 occurs 
at 14.8 cm -I to the blue of the cluster og. For the cluster 
manifold beginning at - 25.1 cm- I

, theA 6 andA ~ occur at 
15.7 and 31.4 cm -I to the blue of the cluster og. 

Geometries similar to those shown in Fig. 5 (c) could be 
associated with the two observed cluster manifolds. Differ-
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ent spectral shifts for the two geometries most likely result 
from difference in 1T-cloud solvation. The propane solvent 
interacts less with the H 2Pc 1T cloud in geometry II than in 
geometry I since the C2 axis of the cluster solvent (direction 
of small polarizability) is perpendicular to the H2Pc molecu
lar plane in geometry II but parallel to the plane in geometry 
1. A geometry similar to I could thus be responsible for the 
cluster manifold beginning at - 33.4 cm -I and a geometry 
similar to II could be associated with the manifold beginning 
at - 25.1 cm- I

• 

The H2Pc(C2H 6 ) I and the H 2Pc(C3H g )t spectraexhib
it A 6 transitions which are forbidden in isolated H2Pc. A 
similar change in selection rules upon clustering has been 
reported for the benzene/solvent systems.1(o.t (g).g In the 
latter systems, the observations suggest that the presence of 
the cluster solvent over the solute molecular plane is suffi
cient to induce the forbidden benzene og transition if the 
threefold rotation axis of the solute is destroyed. Further
more, the selection rules governing the intermolecular vdW 
motion follow the reduced symmetry of the cluster systems. 
This minimum perturbation may also be the driving force 
which induces the vibronic transitions in the H 2Pc/hydro
carbon clusters. The perturbation in the present instance 
may even be large enough to cause the cluster chromophore 
to adjust its geometry to establish optimal1T-cloud overlap. 
The observation oftheBlu fundamental at 15 cm- I serves as 
evidence supporting this notion as molecular displacement 
along this coordinate appears to yield favorable Franck
Condon factors. The A 6 transition is also observed in all the 
other H 2Pc and MgPc clusters studied as well. These obser
vations would lead one to conclude that the H2Pc and MgPc 
molecules in the clusters are not planar in the excited elec
tronic state. In spite of this change in molecularout-of-plane 
potential for H 2Pc (and MgPc), the overall vdW potentials 
for the ground and excited states still remain quite similar as 
no intermolecular cluster vdW modes are identified in the 
various cluster spectra. 

The one major difference between the H 2Pc/hydrocar
bon cluster spectra and the benzeneihdyrocarbon cluster 
spectra is the absence of observable intermolecular vdW 
mode intensity in the H 2Pc cluster spectra. The lowest ener
gy vdW motion (bending) is expected to be observed at 
about 50 cm - I to the blue of the cluster origins based upon 
calculational modeling of intermolecular mode energetics. g 

The vdW stretch is expected to occur at about 100 cm- I 

above the cluster origin. The absence of Llu = ± 1 vdW 
mode transitions in the H 2Pc clusters may be due to poor 
Franck-Condon factors. The large size and extensive delo
calization of the H 2Pc 1T cloud yields little change in the 
electron density at the cluster site when a single electron is 
promoted from a 1T to a 1T* orbital. Thus, one might expect 
that the intermolecular potential surfaces of the two states 
are nearly superimposable even though the binding energy of 
the excited state is slightly different (-1 %) than that of the 
ground state. The net result is the observation of vdW se
quence structure (Llu = 0) giving rise to cluster origins and 
cluster chromophore vibrations only. These arguments 
probably hold for all the cluster systems investigated in this 
study as well. 

B. H20, MeOH, and EtOH clusters of H2Pc and MgPc 

H 2Pc clustered with H 20, Fig. 6 (a) and Table VI, yields 
a spectrum exhibiting a single cluster vibronic manifold with 
an origin 71.2 cm - I to the red of the H 2Pc og. The single 
cluster (chromophore) vibronic manifold suggests that one 
H 2Pc/H20 species is responsible for the observed spectrum. 
The spectrum is assigned to H2Pc(H20)I based upon the 
same arguments developed for the H 2Pcihydrocarbon clus
ters. The assignment is supported by the ground state config
uration calculations for which a single geometry is obtained, 
Fig. 8(a). In this geometry, the H 20 is situated over the 
H2Pc core. The transitions at 15.7, 31.2, and 47.6 cm- t to 
the blue of the cluster og correspond to H 2Pc out-of-plane 
vibrations A b, A 6, and A 6. The feature at 55.1 cm -I to the 
blue of the cluster og corresponds to the B 6 cluster chromo
phore transition. 

Clustering H2Pc with MeOH yields a cluster spectrum, 
Fig. 6(b) and Table VI, associated with H 2Pc(MeOH)1 
which has an origin 82.0 cm -\ to the red ofthe H 2Pc og. The 
cluster chromophore out-of-plane vibrations A b and A ~ are 
observed at 16.3 and 31.4 cm - I to the blue of the cluster og . 
The assignment of a single cluster manifold is supported by 
the single calculated ground state geometry obtained [Fig. 
8(b) ]. 

H 2Pc cluster with EtOH, Fig. 6( c) and Table VI, yields 
a spectrum exhibiting two cluster (chromophore) vibronic 
manifolds which can be assigned as due to two 
H2Pc(EtOH) I species. The first cluster origin is at 90.9 
cm -I to the red of the H 2Pc og and the second cluster mani
fold begins at 83.3 cm- I to the red of the H 2Pc og. The 
cluster chromophore vibrations A b and A ~ can be identified 
in these manifolds at 16.1 and 31.7 cm- I

. 

The two H 2Pc(EtOH) I cluster species responsible for 
the observed spectrum can be associated with geometries 
similar to those shown in Fig. 8 (c). In geometry I the EtOH 
solvent interacts more with the H 2Pc 1T cloud than in geome
try II and, therefore, geometry I should exhibit a larger spec
tral shift. Thus a geometry similar to I could be associated 
with the cluster whose origin is at - 90.9 cm -I and a geom
etry similar to II could be associated with the cluster whose 
origin is at - 83.3 cm -I with respect to the H 2Pc og. 

The H 2Pc/H20, /MeOH, and /EtOH cluster spectra 
suggest that the solvent OH group is intimately involved in 
the intermolecular interaction. The red shifts for all three 
clusters are similar and larger than those observed in the 
H 2Pcihydrocarbon systems. The MeOH and EtOH cluster 
shifts are larger than that observed in the H 20 cluster sug
gesting that the shifts are dependent upon the combined ef
fects of the OH group and the hydrophobic portions of the 
cluster solvents. If, on the other hand, the alkyl groups were 
pointing toward the solute, one would expect the spectral 
shifts for MeOH/EtOH clusters to be similar to those ob
served in the hydrocarbon clusters. In these geometries, the 
alkyl groups would be the major contributors in the intermo
lecular interaction. 

The large spectral shifts, the interaction of the OH 
group with H 2Pc and the ground state configuration calcula
tions lead one to postulate that hydrogen bonding may be 
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occurring in these cluster systems. Hydrogen bonding can 
occur to some extent between the solute inner ring nitrogens 
and/or pyrrole hydrogens and the solvent OH group: the 
H2Pc inner ring nitrogens have large electron density5.21 
which can enhance the hydrogen bonding of solvent OH 
groups. Since the observed chromophore transition is 
1T* +-1T, a large red shift can be expected. 

The MgPc(H20)I' (MeOH)p (EtOH)I cluster spec
tra, Fig. 7 and Table VI, are very similar to one another. The 
MgPc(H20) I spectrum can be assigned as arising from two 
different cluster manifolds with origins at 46.6 and 48.3 
cm -1 to the blue of the MgPc og. Cluster chromophore out
of-plane vibrations are observed for both manifolds. The A 6 
and the A ~ are observed at 13.9 (14.2) and 29.1 (29.8) 
cm -1 to the blue of the origins. B 6 transitions are observed 
at 57.1 (56.9) cm- I. The MgPc(MeOH) I and 
MgPc(EtOH)1 spectra are similarly assigned. 

The MgPc(ROH) 1 series differs from the 
H2Pc(ROH) 1 series in three aspects. First, the 
MgPc(ROH) 1 spectra exhibit hypsochromic shifts with re
spect to the isolated MgPc spectrum. The direction of the 
spectral shifts indicate that the solute and solvents interact 
more strongly in So than in SI' The major difference between 
the two solute systems studied is the phthalocyano core envi
ronment: the pyrrole hydrogens in H 2Pc are replaced by a 
magnesium in MgPc. The hypsochromic shift suggests that 
the core is responsible for the larger ground state interaction. 
The greater stabilization in the ground state can, in princi
ple, be due to interactions ranging from weak nonbonded 
vdW interactions to actual complexation in which the sol
vent donates an electron pair to the solute via the central 
metal atom.5 On the basis of the size of the spectral shifts 
observed, the interaction is most likely due to weak vdW 
interactions. If the solvent were to donate significant elec
tron density to the central Mg atom in MgPc (a coordination 
bond formation) or if the Mg were to move significantly out 
of the Pc molecular plane,22 cluster formation would drasti
cally perturb the chromophore electronic environment and 
yield relatively large spectral shifts. Observation of weak 
vdW interactions between MgPc and H20, EtOH, and phe
nol in the IR region leads to similar conclusions. 23 

Second, the spectral shifts in the MgPc(ROH) 1 series 
are virtually identical. This observation suggests that the 
OH group is intimately involved in the interaction and, fur
thermore, is largely responsible for the observed spectral 
shifts. The ground state configuration calculations, Fig. 9, 
support the notion that the OH group is the major contribu
tor to the interaction. All three calculated geometries depict
ed in Fig. 9 have the solvents situated so that the OH groups 
point towards the MgPc core. Moreover, one would not ex
pect to observe sharp cluster transitions if the hydrophobic 
portions of the solvents were the major contributors to the 
interaction. 

Third, the MgPc(ROH) 1 spectra show two nearly 
isoenergetic cluster origins and vibronic manifolds. These 
cluster features could be due to either two cluster species 
which are nearly spectroscopically identical or they could be 
due to the splitting of the twofold degenerate chromophore 
SI state via vdW cluster formation. The former situation 

probably does not occur since these doublets are present in 
all the MgPc clusters observed. One would not typically ex
pect to see this type of coincidence in the different cluster 
systems especially when two solvent series are considered. In 
MgPc clusters, clustering reduces the system symmetry (see 
Fig. 9, for example) and the fourfold symmetry axis of the 
MgPc chromophore is destroyed. The degenerate Q band 
(Eu in D4h ) may thus split into Qx and Qy bands (B2u and 
B 3u in D2h ); the splitting is small, however, due to the small 
perturbation caused by vdW clustering. Similar removal of 
degeneracies occurs for benzene clustersl(g)·8.2o and for 
ground state vibrations ofMgPc/H20, /EtOH, and /phenol 
systems.23 

C. CO2 clusters of H2Pc and MgPc 

H2Pc clustered with CO2, Fig. lO(a) and Table VII, 
yields a spectrum with a single cluster origin blue shifted by 
14 cm- J with respect to the isolated H2Pc og. The cluster 
manifold is assigned to a H2Pc(C02 ) I species. Cluster chro
mophore out-of-plane vibrations A 6 (15.4 cm - 1) and A 6 
(30.7 cm -1) built upon the cluster origin are also observed. 
The calculated ground state geometry, Fig. 11 (a), further 
supports the existence of a single cluster species responsible 
for the spectrum. In this geometry, the CO2 moiety is situat
ed over the H2Pc core. 

The H 2Pc (C02 ) 1 spectrum is different than the other 
H 2Pc clusters studied in that it is the only system exhibiting a 
hypsochromic shift. The exact nature of the interaction re
sponsible for the spectral shift in this system is not known 
and more work on CO2 solute/solvent systems is necessary 
to establish a firm argument.6

(C) On the basis of the interac
tions responsible for the spectral shifts in the hydrocarbon 
and hydrogen bonded solute/solvent systems, the major in
teraction responsible for the shift appears to involve solvent! 
solute 1T-cloud overlap. In the ground state, the solute and 
solvent most likely interact through 1T-1T interactions. Upon 
excitation the diffuse nature of the solute 1T* state reduces 
the interaction between the 1T systems and results in a loss in 
SI binding energy relative to So. 

MgPc clustered with CO2, Fig. lO(b) and Table VII, 
reveals a cluster spectrum with two parallel vibronic pro
gressions. The appearance of the two cluster manifolds is 
probably due to the same type of electronic state splitting 
that occurs in the MgPc(ROH) I systems. The cluster ori
gins are blue shifted by 17.9 and 22.6 cm- I with respect to 
the MgPc og. As in H 2Pc (C02 ) 1 well defined cluster chro
mophore vibronic transitions are observed. The A 6 and A ~ 
transitions built upon the origin at 17.9 cm- I occur at 19.9 
and 31.1 cm - 1 to the blue of this origin. The A 6 and A ~ 
transitions built upon the 22.6 cm - 1 origin occur at 21.1 and 
32.3 cm - J to the blue of the origin. The existence of a single 
MgPc(C02 ) 1 species responsible for the cluster transitions 
is supported by the ground state configuration calculation 
shown in Fig. 11 (b). 

The MgPc (C02 ) J cluster spectrum differs from that of 
the other MgPc clusters studied in that the magnitude of the 
hypsochromic shift is smaller for MgPc(C02 ) l' This differ
ence can possibly be attributed to the difference in the major 
mode of interaction between the solute and solvent. In 
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MgPc( CO2 ) l' the major interaction may be due to the same 
type of 1T-cloud interaction as suggested for the H2Pc (C02 ) 1 

interaction as the spectral shifts are comparable for the two 
systems. If the solvent oxygen/solute magnesium interac
tion were the major contributor, one could expect a larger 
hypsochromic shift comparable to those found for the 
MgPc(ROH) 1 systems. 

Previous studies of clusters of Zn porphyrin with ben
zene, methanol, water, acetonitrile, and pyridine3e consis
tently evidence much larger ( ~ 100 cm -1) red shifts than 
those reported herein. These large shifts for the Zn porphyr
ins must be associated either with the porphyrin or the Zn 
entity; perhaps the central Zn atom interacts strongly with 
these solvents. Studies of the free base porphine (Ar) I clus
ter have also been reported3f

: spectroscopic shifts for this 
system also appear to be larger than those reported here for 
H2Pc. A possible source of this increased shift for porphyrin 
systems over phthalocyano systems may be increased 1T-elec
tron density over the central portion of the porphyrin macro
cycle ring compared to the Pc macrocycle ring. 

v. SUMMARY AND CONCLUSIONS 

FE spectroscopy is used to probe the optical spectra of 
vdW clusters ofH2Pc and MgPc in the vicinity of the cluster 
og transitions. A continuous supersonic molecular jet capa
ble of operating at temperatures up to 650°C is employed to 
generate the ultracold molecular beam. Spectroscopic obser
vables, such as spectral shift and forbidden chromophore 
vibronic transitions, combined with computer modeling of 
ground state cluster intermolecular interactions, allow for 
the elucidation of the nature of the intermolecular potential 
and qualitative geometry of the H2Pc and MgPc clusters 
studied. The conclusions drawn for this work are as follows: 

( 1 ) The cluster vibronic spectra and theoretical calcula
tions suggest that stable H2Pc and MgPc clusters have sol
vents situated over the center of the phthalocyano core. Lo
cal minima over peripheral solute rings are either 
nonexistent or too shallow to accommodate minimum ener
gy bound state geometries. 

(2) H2Pc/hydrocarbon clusters are similar to the ben
zene and N-heterocycle/hydrocarbon clusters previously 
studied. The spectral shifts in these solute/solvent series are 
all bathychromic. The magnitudes of the spectral shifts in
crease with increasing solvent size and polarizability. The 
qualitative cluster geometries responsible for the observed 
spectra are similar with respect to solute/solvent orientation 
is concerned. 

(3) In both H2Pc and MgPc clusters, the H20, MeOH, 
and EtOH moieties are situated over the Pc core in such a 
manner that the OH groups are intimately involved in the 
intermolecular interactions and contribute significantly to 
the spectral shifts. 

( 4) Hydrogen bonding may be occurring to some extent 
between H2Pc and solvent ROH moieties. 

(5) MgPc clusters display weak vdW interactions be
tween the cluster solute and solvent. Actual complexation in 
which the solvent donates an electron pair to the solute does 
not occur 

(6) Forbidden low frequency cluster chromophore out
of-plane vibronic transitions are induced by clustering in 
both H2Pc and MgPc systems. Intensity due to this motion 
arises from the reduction of the chromophore symmetry in 
the clusters. The perturbation may be large enough to cause 
the cluster chromophore geometry to change in an attempt 
to maximize 1T-cloud overlap with the solvent. 

(7) Excited electronic state splitting occurs in the MgPc 
clusters due to the reduction in system symmetry upon clus
ter formation. The degenerate Q band appears to split into its 
two components, Qx and Qy. 
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