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Molecular Structures of Phthalocyaninatozinc and Hexadecafluorophthalocyaninatozinc
Studied by Gas-Phase Electron Diffraction and Quantum Chemical Calculations
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The molecular structures of phthalocyaninatozinc (HPc-Zn) and hexadecafluorophthalocyaninatozinc (FPc-
Zn) are determined using the gas electron diffraction (GED) method and high-level density functional theory
(DFT) quantum chemical calculations. Calculations at the B3LYP/6+31G** level indicate that the
equilibrium structures of HPc-Zn and FPc-Zn hdvg symmetry and yield structural parameters in good
agreement with those obtained by GED at 480 and ®28espectively. The calculated force fields indicate

that both molecules are flexible. Normal coordinate calculations on HPc-Zn yield five vibrational frequencies
(one degenerate) in the range-200 cn1?, and ten vibrational frequencies ranging from 13 to 100tm
(three degenerate) for FPc-Zn. The high-level force field calculations confirm most of the previous vibrational
assignments, and some new ones are suggested. The out-of-plane vibration of the Zn atom in HPc-Zn was
studied in detail optimizing models in which the distance from the Zn atom to the two symmetry equivalent
diagonally opposedll atoms f) was fixed. The calculations indicate that the vibrationally activated vertically
displacement of the Zn atom is accompanied by distortion of the ligand Bgirio C,, symmetry. The
average height), at the temperature of the GED experiment was calculated to be 14.5 pm. Small structural
changes indicate that a full F substitution on the benzo-subunits do not significantly alter the geometry, however
there are indications that the benzo-subunits may shrink slightly with perfluorination.

Introduction studied by the GED method might be related first to the lack
of equipment to heat the effusion cell to a sufficiently high
temperature to evaporate the compound and second to the fact
that most GED laboratories have used photographic plates to
record data that might make it more difficult to obtain good
yolata than using image plates. Fink and his co-workers avoided
this problem by using an electron counting devidrjt this is

a time-consuming process and the collection of a data set may
take as much as 24 h and the observed scattering range is usually
d small compared to conventional GED investigations. The data
range for HPc-Zn was up te = 145 pnt?l, which made the
precision and accuracy of the obtained structural parameters less

Metal phthalocyanines (MPcs) represent a class of organic
materials that attracts great attention in several different fields
of science and industry. Their high thermal and chemical
stability have made them suitable for many technological
applications such as dyes, pigments, semiconductors, energ
conversion in photovoltaic and solar cells, photosensitizers,
electrophotography, molecular electronics, gas sensors, elec
trochromism in display devices, liquid crystals, Langmuir
Blodgett films, nonlinear optics, electrocatalytic reagents, an
photodynamic therapy. Due to the similarity in structure to
biologically important molecules such as chlorophyll and - .
hemoglobin they have caught special interest. There are severafe“a}ble than usually obtained by th_e GED m_ethod.
excellent books about MPcs where the above-mentioned proper- Since 2000 we have been using the image plate .(I.P)
ties and applications are discusdetl. technology to record the GED data. The IPs are more sensitive,

SciFinder gives about 39 000 hits on phthalocyanines. In spite Ef‘vih'gher resoILtj_tlon, have a more Imeéarr:esponse thar': n|1akes
of this huge amount of information about Pcs, there is almost ackness correction unnecessary, and have a much ‘arger

nothing known about their molecular structures in the gas phase.dyn"’“niC range than photqgraphic plates.. Dihfraction data from

MPcs are thermally stable compounds, and sublimation is useg9aseous benzene, which is used for cahbr{at!(_)n of the electron

both for purification and for creation of thin films for different W&V(_alerégéh ha_ve ?gown tt;atttthethreprfoducr:bl[llty ang_ ac;:;tracy

purposes. It should therefore be possible to get useful informa- 02taNe€d by using s are better than for photographic prates,

tion about the molecular structures of these compounds in theWh'(.:h should make the IPs particular suitable for recqrdlng_data

gas phase using the gas electron diffraction (GED) method. GeED A high temperatures. We have recently successfully !nvestlgated

is the only method suitable to determine the molecular geometry F-SubPc with molecular formula@BCIF12Ne, systematic na}me

for such large molecules in the gas phase. The only GED chloro[l,2,3,4,§,9,10,11.,15,16,17,lsl-(gcl)ijeqafluoro-7,12.14,19-

investigations so far have been carried out by Fink and his co- diimino-21,5-nitrilo-3H-tribenzo,h,m] - triazacyclopenta-

workers who have studied HPc-Zim 1993, HPc-Sn and HPc- decinato(2-)xN22 xN23xN24]boron(lll) and trivial name chlo-

Mg and reinvestigated HPc-2in 1999, and HPc-Cu and HPc- rododecafluorosubphthalocyanatoboron(lll) by GEDand a

Ni® in 2000. The reasons MPcs have ’not been more extensivelynatural extension would be to determine the molecular geometry
' of MPcs in the gas phase.

* Corresponding author. E-mail: svein.samdal@kjemi.uio.no. Phone: 47 ~ There is a rather limited amount of high-level quantum
2285 5458. Faxt+-47 2285 5441, chemical calculations available on MPcs. Mostly semiempirical
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and molecular mechanics methods have been used, obviously
because of the molecular size and time-consuming calculations.
For HPc-Zn there are conflicting predictions of the equilibrium
geometry, one B3LYP/6-31G* calculation predicts a plaDay
geometny® another B3LYP/6-31G* calculation predicts a non-
planarC,, geometry? where the Zn atom is 7.5 pm above the

Pc plane. The first GED investigatiérof HPc-Zn concluded

with a nonplanaiC4, geometry where the Zn atom is 34(13)

pm above thd>c plane, whereas the reinvestigation concluded S
with a planaD4, geometr§ with the Zn atom in the symmetry
plane. Moreover, there is a substantial disagreement between
some of the €C bond distances determined by Gior HPc- 3
Zn on one hand and by the quantum chemical calculations or
the X-ray diffraction structur® on the other.

There are also a limited number of force field calculations
and vibrational assignments for MPcs. B3LYP/6-31G** calcula-
tions have been used to calculate IR and Raman intensities for
HPc-Zri>1“and to assign the fundamental frequencies. However,
larger basis sets including diffuse and polarization functions are
probably needed to give good predictions of the IR intensi-
tiest>16 or Raman intensities.'® MPcs have been considered 7n
as rather rigid molecules, but force field calculations predict |
several low-frequency modes, and this might have serious m\ u a3 i
consequences for a GED analysis. The calculated root-mean- Al N2 A2 A3
square amplitudes of vibratiomalues) from the molecular AS
force field are nowadays always used in GED investigations to Figure 1. Molecular numbering of XPc-Zn (%= H or F) together
get more reliablar-values than those transferred from smaller With some auxiliary points. The figure below shows possible bending
fragments of the molecules. The previous investigations on HPc- of isoindole unit unde(C,, symmetry.

Zn have neither used calculatedvalues from forces field
calculations nor explored the affect of the shrinkage correction
which might affect the determination of the molecular geometry.

We present here our results from GED and high-level
guantum chemical studies on the structures of the molecules
HPc-Zn with molecular formula £H1eNsZn, systematic name
[29H,31H-phthalocyaninato(2)-«N29xN30 xN31 xN32]zinc-

(I and trivial name phthalocyaninatozinc, and FPc-Zn with
molecular formula GF16NgZn, systematic name [1,2,3,4,8,9,-
10,11,15,16,17,18,22,23,24,25-hexadecafluond;28H-phtha-
locyaninato(2-)-kN29 kN30 xN31xN32]zinc(ll) and trivial
name hexadecafluorophthalocyaninatozinc. The latter has bee
included because it has been claimed that the properties of MPc
are little influenced by a peripheral substitution.

A4

The modification and scattering functions were computed
" from tabulated atomic scattering fact&rsfor the proper
wavelength and values. The experimental backgrounds were
computed with the program KCEDZ£2where the coefficients
of a chosen degree of a polynomial function are determined by
the least-squares method by minimizing the differences between
the experimental intensity and the currently best geometrical
model on the modified form. A background is subtracted from
data obtained for each individual sector. An average experi-
mental intensity curve is obtained along tke and x-axis,
respectively giving two average experimental intensity curves
or each camera distance as shown in Figure 2and 3. The
Sexperimental conditions are summarized in Table 1.

Quantum Chemical Calculations. The quantum chemical
calculations were performed with the GAUSSIANO3 program
packagé® running on the HP “superdome” facilities in Oslo.

Both compounds, HPc-Zn and FPc-Zn, were obtained from The functional used for the calculations was the Becke three-
Aldrich and used without further purification. parameter (B3LYP) hybrid functiond$;?” which has been

The gas electron diffraction (GED) data were recorded on widely used in theoretical studies of pyrrole macrocyéfes®
the Balzers KD-G2 unif at the University of Oslo with use of ~ Our previous experience with quantum chemical calculations
an accelerating voltage of about 42 kV and a high-temperature on F-SubPc with different methods and basis sets confirms that
stainless steel inlet systeit2! Experimental data were recorded DFT gives good agreement with the experimental restiithe
on FujiFilm BAS-IIl image plates, and they were scanned with basissetswe have usedare 6-3¥&*31++G**,6-311++G**, 4041
a FujiFilm BAS-1800I1 scanner. The image plate has a cc-pVTZ(H,C,N,F)# and cc-pVTZ-NR(ZnY2 To our knowl-
rectangular shape of approximately £318 cn?. The data are ~ edge, the present calculations represent the highest level
collected and averaged over sectors along the positive andperformed so far on HPc-Zn and FPc-Zn. The molecular
negativey-axis (short axis) ang-axis (long axis). More details ~ geometry was optimized by assuming different symmetries. The
about handlingf of the experimental data and their proces&ng numbering of the atoms is shown in Figure 1. The most
are given elsewhere. important structural parameters are given in Table 2. The

The measured temperature represents the oven temperatur@arteSian coordinates from the B3LYP/CC-pVTZ calculations
and is measured with a Cu/constantan thermocouple. Thefor HPc-Zn and FPc-Zn are given as Supporting Information
thermocouple is placed outside the metal oven, and the (Table S1 and S2).
dimension of the oven is approximately>x7 2 x 2 cn®. The Molecular force field calculations were carried out for all basis
nozzle opening is connected to the oven and is approximatelysets except for DFT/cc-pVTZ, which requires too much
4 cm from the thermocouple. The measured oven temperaturecomputer time, to ensure that the stationary points represent a
is assumed to be the temperature of the gas sample. minimum. The u-values and shrinkage correction values,

Experimental Section
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HPc-Zn and FPc-Zn have similar molecular structures with
/\ [\/‘\ a symmetricaPc macrocycle composed of four isoindole units
\/\_J "\ \, and a central cavity accommodating a Zn atom. In the case of
/\/\ ~ FPc-Zn all _H atoms are replaced with F atoms. Owing to th_e
V\J A\ \V structural S|m|Iar_|ty of these two molecules, structural analysis
/\ AN AL A e was processed in the same manner for both molecules. The

molecular symmetry was assumed to(g, which can easily

V gt
J \/ W be constrained t®4n during the analysis. The numbering of
the atoms and auxiliary points is shown on Figure 1.

The molecular geometry of HPc-Zn and FPc-Zn can be
modeled by rotating the isoindole fragment (N2, C6, C7, C14,
C15, C22, C23, C30, C31, X38, X39, X46, X47, wheresH
or F) 90.0, 18, and 270 about the 4-fold symmetry axis.
The following set of independent parameters was composed to
describe the molecular geometry: bond lengths-ZN2, N2—

C6, C6-C14, C14-C15, C14-C22, C22-C30, C30-C31,
0 °¢ 100 130 200 230 o0 C22—X38 C30-X46, bond angles C6N2—C7, C15-C14—
C22, C14-C22-X38, C22-C30-X46; dihedral angles C15

Figure 2. Average molecular intensity curves for HPc-Zn. The first C14—C22—X38. C14-C22—C30—X46. which are all assumed
two curves are the average from eight sectors from the long camera180 o ’ ’

distance along the y- andaxis, respectively. The two next curves are N ] o
the corresponding average curves from eight sectors from the middle In addition five more parameters shown in Figure 1 were
camera distance. Dots are experimental points and a full line is a used to test whether average molecular structure poss€gsed

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

theoretical curve. The four curves below are difference curves. symmetry orD4, Symmetry. These parameters are the angle
Zn1—N2—A1 (al), where Al is an auxiliary point used to define
/\ the position of the Zn atom out of central cavity, the angleZn1
PUAN N2—A2 (a2) that defines the pyramidality of the N2 atom, the

V\J/\v T~ angle N2-A2—A3 (a3) defining the planarity of the pyrrole
I\ JAS ring, and the angle A2A3—A4 (a4) that defines the folding
NN ~ of the isoindole unit about the C#4C15 bond, and finally the

IaN /\ ANV AN angle N54-A6—A7 which defines the conformation of the ring

IINVARY A consisting of the atoms Zn1, N2, C7, N54, C8, N3. If N54 is
above the plane through the atoms N2, C7, C8, N3, the ring
has a boat conformation, and if N54 is below, it has a chair

conformation.

It is difficult to determine accurate structural parameters by
the GED method where H atoms are involved due to the low
scattering power of the H atoms. It is also difficult to determine
accurate differences between bond lengths if the bond type and
LI L B LI B B bond lengths are similar. This is the reason for introducing the
0 50 100 150 200 250 300 following constraints:r(C14C22)= r(C14C15+ A1, r(C22C30)

s, nm! = r(C14C15) + A2, r(C30C31l) = r(C14C15) + A3,
Figure 3. Average molecular intensity curves for FPc-Zn. The first r(C30X46)= r(C22X38)+ A4 andr(N54C7)= r(N2C6) +
two curves are the average from eight sectors from the long cameraA5. The differencesA1—5 for HPc-Zn were taken from the

distance along thg- andx-axis, respectively. The next two curves are quantum chemical calculation at the B3LYP/6-311G** level
the corresponding average curves from eight sectors from the middle and were —1.57. —1.72. —0.37. +0.10. and —4.21 pn%

camera distance. Dots are experimental points, and a full line is the - .
theoretical curve. The four curves below are difference curves. respectively. The differencesl—5 for FPc-Zn were taken from

the B3LYP/6-31#+G** calculation and were -2.515-2.38,

k-values, used for shrinkage correction in the GED analysis were ~1-96,70.15, and—4.33 pm, respectively.

calculated from the B3LYP/6-3H1+G** force field. The With these parameters and restrictions the molecular geometry
proposed assignment of the IR and Raman spectra have mainy¢an adapDa, symmetry,Cs, symmetry with a planaPc and
been based on calculated IR and Raman intensities from thethe Zn atom above théc plane, orC4, symmetry with a concave
quantum chemical calculatioA4 Because the reliability of ~ shape of macrocycle and a square pyramidal coordination of a
the IR and Raman intensities are improved by introduction of central Zn atom.

diffuse and polarization functiori&; 18 and because there is little The shrinkage effect can be corrected for by using either a
information about how these intensities change with inclusion rectilineaf®4? or a curvilineaf®4° treatment of the vibrating

of such functions, we have included these intensities togetheratoms. The program SHRIN&*°was used to calculate these
with the calculated frequencies as Supporting Information (Table shrinkage correction ternkg (rectilinear) and,; (curvilinear),

S3). u-values, and the, — r. differences from the B3LYP/6-
Structure Analysis. The electron diffraction technique is  311++G** molecular force field. The curvilinear approach is
described elsewhefé4> A brief description that should be generally considered to be the more realistic. Both the rectilinear
particularly relevant for this investigation to understand the and curvilinear approaches were tested, and the final results are

assumptions made, to understand the precision and accuracgiven in Table 3 for HPc-Zn and in Table 4 for FPc-Zn.
obtained for the structural parameters, and to judge the Comparison between experimental and theoretical results is
experimental results is given in the study of F-SubPc. given in Table 5and 6. Tha-values were refined in groups.
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TABLE 1: Experimental Conditions for the GED Investigation of HPc-Zn and FPc-Zn

HPc-Zn FPc-Zn

nozzle tempfC 480 480 523 523

nozzle-to-plate distance/mm 498.73 248.75 498.67 248.87

number of plates 4 4 4 4

srange:

x-direction/nnt? 17.50-145.00 40.06-302.50 17.56-150.00 40.06-302.50
y-direction/nn1? 17.50-125.00 40.06-242.50 17.56-133.75 43.75227.50

Asnm? 1.25 1.25 1.25 1.25

accelerating voltage/kV 42 42 42 42

electron wave length/pm 5.82 5.82 5.82 5.82

degree of polynomial 8 10 9 12
2 Degree of polynomial used in the background subtraction

TABLE 2: Calculated Molecular Geometry?@ (D4n) Using B3LYP for HPc-Zn and FPc-Zn
HPc-Zn FPc-Zn
6-31G* 6-3H+G** 6-311++G** cc-pVTZ 6-31G* 6-31H-+G** cc-pvVTZ
Bond Lengths
Zn1—N2 199.06 200.12 200.11 199.97 199.35 200.42 200.25
N2—-C6 137.30 137.28 137.06 136.73 137.16 137.10 136.58
C6—-C14 146.07 146.23 146.12 145.85 145.95 146.21 145.81
C6—N57 132.98 133.13 132.85 132.59 132.75 132.82 132.31
C14-C15 141.02 141.20 140.94 140.62 141.59 141.75 141.18
Cl14-C22 139.52 139.66 139.37 139.01 139.16 139.28 138.65
C22-C30 139.42 139.57 139.22 138.85 139.43 139.40 138.89
C30-C31 140.79 140.90 140.57 140.20 140.15 139.91 139.69
C22-X38 108.56 108.51 108.32 108.10 133.26 133.70 132.94
C30-X46 108.66 108.61 108.42 108.19 133.55 133.82 133.13
Bond Angles

Zn1N2C6 125.29 125.14 125.04 125.00 125.09 124.91 124.80
C6N2C7 109.41 109.72 109.92 110.00 109.83 110.18 110.40
N2C6C14 108.77 108.59 108.44 108.39 108.59 108.40 108.24
N2C6N57 127.53 127.44 127.50 127.44 127.79 127.69 127.65
C6C14C15 106.53 106.55 106.60 106.61 106.50 106.51 106.56
C15C14C22 121.08 121.06 121.02 121.00 120.62 120.48 120.53
C14C22C30 117.76 117.79 117.82 117.85 118.48 118.71 118.64
C22C30C31 121.16 121.15 121.15 121.14 120.90 120.82 120.83
C14C22X38 120.63 120.68 120.67 120.66 122.57 122.54 122.56
C22C30X46 119.60 119.61 119.63 119.64 120.15 120.23 120.19
C6N57C13 124.36 124.84 124.92 125.11 124.25 124.80 125.10

aNumbering is given in Figure 1. Distances in pm and angles in degrees.

The KCED25° least-squares fitting program was used to obtain ~ Molecular Vibrations and Flexibility. The MPcs have been
the experimental parameters. The intensity and radial distributioncommonly regarded as rigid molecules, but this is a rather
curves are shown in Figures 2 and 4 for HPc-Zn and in Figures doubtful description because of five vibrational frequencies (one
3 and 5 for FPc-Zn. degenerate) for HPc-Zn and ten vibrational frequencies (three
degenerate) for FPc-Zn below 100 tinThe lowest vibrational
mode, By, is 22 cnm! for HPc-Zn and as low as 13 crfor
Optimized Theoretical Geometry. The optimized geometry ~ FPc-Zn. It is important to understand that the GED structure
parameter values are given in Table 2. As can be seen, therd€Presents a molecular average structure which is the weighted
are only small changes in the geometry for the different basis (Boltz_man) average over all vibrational states. Due to the low
sets, which indicates that good predictions of the geometry may Vibrational mode at 22 cnt (263 J mot*) and an experimental
be obtained by the 6-31G* basis set compared to the far moretemperature of 750 K, which givBT = 6240 J mot* a large
time-consuming cc-pVTZ calculations. The agreement between number of the vibrationally excited states are populated, and
the calculated geometry and the experimental derived geometryaveraging over these states should give an average nonplanar
is very good, as can be seen in Tables 5 and 6. DFT force field molecular structure to be observed in GED if shrinkage is not
calculations predict that both HPc-Zn and FPc-Zn hévg included in the GED analysis. It is important to realize that the
symmetry. D4n symmetry obtained by the DFT calculationg $tructure)
Comparison of the structural parameters for the different basisand aCy, symmetry obtained by the GED method without
sets in Table 2 reveals small changes between HPc-Zn and FPcshrinkage correction do not represent a serious disagreement.
Zn. The changes in bond lengths are usually less than 0.5 pmlt simply represents two different molecular structures that are
and smaller than 0°For bond angles. The only parameter that not directly comparable. Looking at the atomic displacements
has a clear change is the bond angle €C22—X38, which for the different vibrational modes for HPc-Zn shows that the
increases by abouf Zrom HPc-Zn to FPc-Zn. This increase is  atomic displacements of the Zn atom are small for the lowest
probably due to the electrostatic repulsion between the elec-mode except for the 124 crh A, mode, which shows a
tronegative atoms F38 and N57 bridge atom. This confirms the displacement of the Zn atom out of the symmetry plane. This
assumption that Pcs are little affected by peripheral substitution. mode has been simulated by calculating the potential energy as

Results and Discussion
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TABLE 3: Experimental Parameters for HPc-Zn2

J. Phys. Chem. A, Vol. 111, No. 47, 2001”2015

parameter

rectilinear approach

Ca

curvilinear approch

Dan Dan + kno Cu Dan Dan + ki
Zn1-N2 198.8(7) 197.8(6) 198.8(6) 198.8(7) 197.8(6) 198.9(6)
N2—C6 138.5(8) 137.0(5) 138.3(5) 138.4(8) 137.0(5) 138.2(5)
C6-N57 134.3(8) 132.8(5) 134.1(5) 134.2(8) 132.8(5) 134.0(5)
C6-C14 145.5(6) 145.2(6) 145.9(6) 145.6(6) 145.3(6) 146.0(6)
C14-C15 140.9(6) 141.9(4) 141.0(5) 140.9(6) 141.9(4) 141.2(5)
C14-C22 139.3(6) 140.3(4) 139.5(5) 139.4(6) 140.3(4) 139.4(5)
C22-C30 139.2(6) 140.2(4) 139.3(5) 139.2(6) 140.1(4) 139.5(5)
C30-C31 140.5(6) 141.5(4) 140.7(5) 140.6(6) 141.5(4) 140.7(5)
C22-H38 107.8(13) 106.7(12) 108.3(12) 107.9(12) 106.8(12) 108.6(12)
C30-H46 107.9(13) 106.8(12) 108.4(12) 108.0(12) 106.9(12) 108.7(12)
C7N2C6 107.6(9) 108.9(5) 107.6(7) 107.8(10) 108.9(5) 108.6(5)
C15C14C22 121.6(3) 122.02) 121.1(3) 121.6(3) 122.0(2) 121.1(3)
C14C22C30 116.7(7) 115.9(5) 117.5(6) 116.7(7) 115.9(5) 117.7(8)
C22C30C31 121.7(3) 122.1(2) 121.4(3) 121.7(3) 122.1(3) 121.2(4)
C14C22H38 120% 120.6 120.6 120.6 120.6 120.7
C22C30H46 119%6 119.6 119.6 119.6 119.6 119.6
ald 9.3(15) 0.0 0.0 9.1(15) 0.0 0.
a2 73.8(49) 90.6 90.0 74.5(49) 90.6 90.0
a3 98.0(68) 906 90.0 97.3(69) 90.6 90.0
add 96.7(53) 900 90.0 97.3(50) 90.0 90.0
N54A7A6° 75.3(46) 90.0 90.C 75.7(47) 90.6 180.0¢
h(znye 32.3(51) 0.0 0.0 31.4(50) 00 0.0
Rf% 5.06 5.42 5.12 4.96 531 5.10

ar, parameters. Parenthesized values are estimated error limits definedag,2t5(0.001)?)2, for distances and as 21§, for angles, where
Oisq IS ONne standard deviation taken from the least-squares refinements using a diagonal weight matrix andy tieerd.@gpresents 0.1% uncertainty
in the electron wavelength. The errors are in the units of the last diditependent parametetFixed to their DFT calculated valuesSee Figure
1 for definition. Zn1N2A1= al (al is negative if the Zn atom is below the plane through the cavity N atoms), Zn1N2A2 + 90°, N2A1A3

= a3 + 90°, A1A2A3 = a4 + 90°. ¢ The dihedral angle Zn1A6A7N54 is’Owhich gives the six-member ring consisting of the atoms Zn1, N2,

C7, N54, C8, N3 a boat conformatiotR = { 3 an(12° — 15992 /{ T w(12°92} x 100%, wheraw is a weight function usually equal to 1 ahdb the
molecular modified intensity.

TABLE 4: Experimental Parameters for FPc-Zn2

rectilinear approach

curvilinear approch

parameter Ca Dan Dan + kno Ca Dan Dun + ki
Zn1—-N2 201.0(9) 199.6(8) 200.0(8) 200.8(8) 199.4(8) 200.0(8)
N2—C6 138.9(5) 137.8(5) 138.1(6) 139.0(5) 137.8(5) 138.1(5)
C6—N57 134.6(5) 133.5(5) 133.8(5) 134.6(5) 133.5(5) 133.8(5)
C6-C14 149.1(8) 145.3(10) 147.9(8) 149.1(8) 145.4(10) 147.9(8)
C14-C15 142.2(4) 142.6(4) 142.6(4) 142.2(4) 142.5(4) 142.6(4)
C14-C22 139.7(4) 140.0(4) 140.1(4) 139.7(4) 140.0(4) 140.1(4)
C22-C30 139.9(4) 140.2(4) 140.2(4) 139.8(4) 140.2(4) 140.2(4)
C30-C31 140.7(4) 141.0(4) 141.0(4) 140.7(4) 141.0(4) 141.0(4)
C22-F38 132.3(4) 132.5(5) 132.6(5) 132.3(4) 132.5(5) 132.6(5)
C30-F46 132.5(4) 132.7(5) 132.7(5) 132.5(4) 132.7(5) 132.7(5)
C7N2C6 105.8(12) 112.3(8) 111.2(7) 105.7(12) 112.1(7) 111.1(7)
C15C14C22 120.3(5) 120.5(4) 120.3(3) 120.5(5) 120.5(4) 120.5(3)
C14C22C3b 119.1(9) 118.7(8) 118.9(6) 118.7(9) 118.7(8) 118.8(6)
C22C30C3h 120.6(5) 120.8(4) 120.9(4) 120.8(5) 120.8(4) 120.8(4)
C14C22F38 121.2(9) 123.1(10) 123.4(7) 121.3(9) 123.1(8) 123.2(6)
C22C30F46 118.4(10) 119.4(12) 118.5(9) 118.5(11) 119.3(11) 118.5(9)
ald —2.3(30) 0.0 0.0¢ —1.9(25) 0.0 0.0¢
a2 110.7(29) 90.0 90.¢ 164.2(28) 90.0 90.0°
a3 55.4(33) 90.0 90.C 54.5(32) 90.0 90.0°
a4 109.8(26) 90.0 90.0° 109.6(26) 90.60 90.0°
N54A7AG 90.7(53) 90.0 90.C 91.0(51) 90.0 90.0°
h(zn)e —7.9(86) 0.0 0.0 —6.7(81) 0.0 0.0
R/ % 4.55 6.06 4.84 431 5.85 4,57

ar, parameters. Parenthesized values are estimated error limits defineda&g,2t5(0.001)?)2, for distances and as i, for angles, where
Oisq IS ONne standard deviation taken from the least-squares refinements using a diagonal weight matrix andy tieerf.@gpresents 0.1% uncertainty
in the electron wavelength. The errors are in the units of the last digitspendent parameterFixed to their DFT calculated valuesSee Figure
1 for definition. Zn1N2A1= al (al is negative if the Zn atom is below the plane through the cavity N atoms), Zn1N2A2 + 90°, N2A1A3

= a3 + 90°, A1A2A3 = a4 + 90°. e The dihedral angle Zn1A6A7N54 is’Owhich gives the six-member ring consisting of the atoms Zn1, N2,
C7, N54, C8, N3 a boat conformatiotR = { 3 an(12° — 15992} /{ T w(12°92} x 100%, wheraw is a weight function usually equal to 1 ahd the
molecular modified intensity.

function of the distanceh, above the plane through the atoms ing the symmetry t&,, removed these problems. The potential
N2 and N4 at the DFT/6-31+G** level. All structural energy function is shown in Figure 6. This clearly shows that
parameters were optimized for fixed valueshofStarting with the movement of the Zn atom out of the symmetry plane goes
C4, symmetry created serious convergence problems but reducthroughC,, symmetry and notC4, symmetry.C,, symmetry
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TABLE 5: Comparison of the Structure Parameters for HPc-Zn?

GED, present work GED
cc-pvTZ
parameter re Uexp Upg? KnaP le r u X-ray*?
Bond Lengths
Znl-N2 198.2(6) 9.4(5) 8.2 0.169 199.1 195.4(29) 5.1(44) 198.0
N2—-C6 138.0(5) 5.9(2) 5.2 0.069 137.3 137.4(23) 136.9
C6-N57 133.6(5) 5.5(2) 4.8 0.029 133.0 133.3
Cc6-C14 145.5(6) 6.1(2) 5.5 0.012 146.1 142.0(27) 1455
Cl14-C15 140.7(5) 5.7(2) 5.0 0.003 141.0 155(10) 140.0
Cl14-C22 139.0(5) 5.6(2) 4.9 —0.002 139.5 137.0(14) 139.3
C22-C30 138.9(5) 5.6(2) 4.9 0.049 139.4 136.9 139.1
C30-C31 140.2(5) 5.7(2) 5.0 0.003 140.8 139.9 139.6
C22-H38 106.9(12) 8.2(2) 7.6 0.073 108.6 112.2(82) av
C30-H46 107.0(1% 8.3(2) 7.6 0.077 108.7
Bond Angles

C6N2C7 108.6(5) 109.4 106.9(46) 109.1
C15C14C22 121.1(3) 121.1 117.2(22) 121.3
C14C22C30 117.7(8) 117.8 121.6 117.3
C22C30C31 121.2(8) 121.2 121.4
C14C22H38 12017 120.7
C22C30H46 119'6 119.6
RS9 % 5.10 4.68

2 Parenthesized values are estimated error limits defined ag?2,5¢ (0.001)?)?, for distances and as 2ig, for angles and amplitudes, where
Oisq IS ONne standard deviation taken from the least-squares refinements using a diagonal weight matrix andr tieerd .@itesents 0.1% uncertainty
in the electron wavelength. The errors are in the units of the last diditsrvilinear treatment of the vibrating atoms (by SHRINK program).
¢ Uncertainties are estimates af.2 This value was calculated by using constraints between parameters (seéRexendent parameterThis
parameter was fixed at its B3LYP/cc-pVTZ calculated valdd= { T w(12*° — 1592 { Tw(12"93 x 100%, wherew is a weight function usually

equal to 1 and

is the molecular modified intensity.

TABLE 6: Calculated and Experimental Parameters of

FPc-Zne

GED, present work

cc-pvTZ
parameter rd Uexp UpaP Kn1® fe
Bond Length
Zn1-N2 199.4(8) 10.0(7) 8.4 0.282  200.4
N2—C6 137.9(5) 5.3 5.3 0.097 136.9
C6—N57 133.2(69 4.8 48 —0.039 1325
C6—-C14 147.3(8) 5.6 56 —0.002 146.1
C14-C15 142.1(4) 5.2 52 —-0.122 1415
C14-C22 139.6(4 5.0 50 —-0.041 139.0
C22-C30 13994 5.0 5.0 0.091 139.1
C30-31C 141.7(4) 5.0 5.0 0.103 139.9
C22-F38 131.8(5) 4.9 49 -0.079 133.2
C30-F46 132059 4.9 49 —-0.027 1334
Bond Angles
C7N2C6 111.1(7) 110.4
C15C14C22  120.5(3) 120.5
C14C22C30 118.8(8) 120.8
C22C30C31 121.4(4) 120.9
C14C22F38 123.2(6) 122.6
C22C30F46 118.5(9) 120.2
R % 4.5F

a2 Parenthesized values are estimated error limits defined ag’,5(
+ (0.001)?)Y?, for distances and as 2, for angles and amplitudes,

where 054 is one standard deviation taken from the least-squares [hnansE 6.8 pm. This explains the results obtained in the first

refinements using a diagonal weight matrix and, the O.0@tm
represents 0.1% uncertainty in the electron wavelength. The errors ar

in the units of the last digit. Curvilinear treatment of the vibrating
atoms (by SHRINK program}.This value was calculated by using
constraints between parameters (see téDependent parameterR

={ ZsW(lé’bs -

19992} ){ T an(12°92} x 100%, wherew is a weight

function usually equal to 1 andis the molecular modified intensity.

allows two different N-Zn bond lengths and the splitting of
these bond lengtha\rl = r(N2—2Zn) — 200.11 andAr2 =
r(N3—zn) — 200.11 are also shown in Figure 6. When the
potential energy function is obtained the average heilyht=
Jhexp(AE/RT) dh x [fexp(~AE/RT) dn] 1 can be calculated.

e.

0 1

2 3 4 5 6

7

8 9 10

12

1"

=

13 14 15 16

x 100r, pm

Figure 4. Radial distribution (RD) curves for HPc-Zn. The experi-
mental points (dots) are the average of the four curves shown in Figure
2, and theoretical points are used for the unobserved reggiod7.50
nm-1. The damping coefficient for the RD function is 35 pnThe
curve below is the difference curve.

This givesnans= 14.5 pm for the height from the Zn atom
to the plane containing atoms N2 and N4, and correspondingly

GED investigation of HPc-Zn whete= 34(13) pm’ However,
it is not clear if shrinkage corrections have been applied in the
second GED investigations of HPc-Zn.

Several IR and Raman investigatiéh¥*5+5% on HPc-Zn
have been made, and assignments of the vibrational frequencies
have been discussed. Calculated frequencies at different level
of theory have also been carried out and assignments to observed
frequencies have been attempté-5’Our high-level B3LYP/
6-311++G** force field calculations together with calculated
IR and Raman intensities give a good basis for assignments of
the observed frequencies. A comparison of the observed
vibrational frequencies from several different investigations have
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calculated from the SHRINK program using the B3LYP/6-
311GH+G** force field. In Tables 3 and 4 are the experimental

ra structures given without correcting for shrinkage, correcting
for shrinkage usinds,o values and,; values. As expected, the
GEDr, structure without shrinkage correction gives a nonplanar
structure. When shrinkage is included, thearameter or angle

al is approaching zero and start oscillating. Therefbrg
symmetry was adopted in the final refinements. This strongly
supports that the equilibrium structure hRg, symmetry. It
should be noted that the goodness-of-fit param&ds slightly
larger when shrinkage is included, compared to when shrinkage
is not included. There might be two reasons for this, first that
the C4, model has more adjustable parameters, but more likely
that the correction terms are based on the assumption that the
atoms perform small amplitude motions about their equilibrium
position, and this is probably not a very good approximation.
However, the shrinkage corrected structure represents the best
geometrical structure obtainable at the moment. It should also
be noted that the very long C3£15 bond length of 155(10)

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
x 100r, pm

Figure 5. Radial distribution (RD) curves for FPc-Zn. The experi-
mental points (dots) are the average of the four curves shown in Figure

3, and theoretical points are used for the unobserved regfion7.50 pm obtained in the previous GED investigations is not repro-
nm-L. The damping coefficient for the RD function is 35 pnThe duced in our GED investigation. This is most likely due to the
curve below is the difference curve. limited experimental data obtained for HPc-Zn.

; It is of interest to compare the molecular structure of HPc-
AE, kJ/mol35 Ar, pm AEq Zn and FPc-Zn, and in particular the changes in the benzo

/./ subunits. The €C bond length in benzetfis 1.3975 pm and

in hexafluorobenzek&%1139.4(7) pm and 139.0 pm, a shorten-
ing of the C-C bond length is indicated. Perfluorination also
/ causes shortening of the=<C bond length in ethylen®. A
possible explanation for this effect is that the electronegative F
atom draws electron density from the p-orbitals of the C atom,
which leaves more s-character in the bonds between the C atoms.
Because s-orbitals are more compact than p-orbitals th€ C
bond lengths shorter$3.The average €C bond length calcu-
lated from B3LYP/cc-pVTZ given in Table 2 is 139.67 and
pare 139.60 pm, respectively, for HPc-Zn and FPc-Zn. No overall
shrinkage of the benzo subunits is predicted, where actually an

* Oar1
25 o

20
15

10

“Lwn

o — @~
s =e:g:g:2:2,.—o—"°" * increase is predicted for the CX€15 bond length. However,
) T e Tt e T T comparing the experimental results indicates a small shortening
5 10 15 20 25 30 35 40 45 50 55 60 . ) . .
b, pm of the bond length with 0.8 pm. This confirms both theoretically

] ) ) ) ) ) and experimentally that there are small changes in the molecular
Fr:guzre 6. AEh'S tg‘e '”Ci:easle in err:ergyhasha function of the hlllgzht 0‘; geometry with perfluorination of the benzo subunits. The only
the Zn atom, above the plane through the nitrogen atoms an s : :

N4 as calculated by B3LYP/ 6-3#+G*. For h = 0.0 pm the significant change is the increase of 2.5for the

symmetry isD and for all other values df is the symmetnC,,. Arl C14-C22-X38 bond angle, which is expected due to the
= r(Zn1-N2) — r(Zn1-N2)w=o and Ar2 = r(Zn1-N3) — r(Znl— electrostatic repulsion between the electron negative N57 and
N3)—o. If the movement of the Zn atom had gone thro@hsymmetry F38 atoms.

Arl would be equal ta\r2. Concluding Remarks. Our GED investigation is consistent

with both HPc-Zn and FPc-Zn havirgs, equilibrium geom-

been made and summarized in Table S3 and given as Supportingtries as also is predicted by high-level quantum chemical
Information. The agreement between calculated and the pro-calculations. There is a good agreement between the geometry
posed observed frequencies is very good. There is little obtained from the DFT calculations, our GED investigation, and
information about vibrational frequencies for FPc-Zn; however, the X-ray structure for HPc-Zn. There is also good agreement
the B3LYP/6-311+G** calculated frequencies together with  between the geometry obtained from the DFT calculations and
the calculated IR and Raman intensities should be a good basissur GED investigation for FPc-Zn. Calculated frequencies are
for the assignment of the vibrational spectra for FPc-Zn. valuable tools to assign the vibrational frequencies. It seems as

Experimentally Derived Structure. As outlined above, it the movement of the Zn atom out of the symmetry plane goes
is important to understand the meaning of the determined throughC,, symmetry and no€,, symmetry. Both HPc-Zn and
structures and the importance of including the shrinkage effect FPc-zn are not rigid molecules but flexible molecules perform-
particularly for planar molecules. The shrinkage effect can be ing large movement about their equilibrium geometry. There
included by using either a rectilinear approadio) or a are small structural differences between HPc-Zn and FPc-Zn;
curvilinear approachkfy). Ther, structure is transferred to a  however, there are indications that the benzo subunits shrinks
kno structure or &y structure, which represents a geometrically — slightly when substituted with F atoms.
consistent structure of averaged nuclear positions that is
transferred back again to agstructure for a proper calculation Acknowledgment. S. Gundersen is acknowledged for work-
of the molecular intensities. Thg structure can be estimated up of the experimental data. The University of Oslo is thanked
from the r, structure by using the, — re correction term for a generous amount of computer time. T.S. thanks the
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