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Abstract The conformational stabilities of the transi-
tion metal complex of Zn (en)3Cl2 were studied using
density functional theory (DFT). Deformational potential
energy profiles (PEPs), and pathways between the
different isomeric conformational energies were calculat-
ed using DFT/B3LYP/6–31G. The relative conformation-
al energies of Δ(λλλ), Δ(λλδ), Δ(λδδ) and Δ(δδδ) are
10.48, 7.08, 3.56, and 0.0 kcal/mol, respectively, which
are small compared to the barrier heights for reversible
phase transitions (49.56, 49.55, 49.52 kcal/mol, respec-
tively). Frequency assignment was carried out by decom-
posing Fourier transform infrared (FTIR) spectra using
Gaussian and Gaussview. The theoretical IR and vibra-
tional dichroism spectroscopy (VCD) absorption spectra
are presented for all conformations within the range of
400–3,500 cm-1.

Keywords Conformational stability . Fourier transform
infrared spectra . Reaction pathway . Tris(ethylenediamine)
zinc(II) chloride . Vibrational dichroism spectroscopy

Introduction

Because transition metal complexes of the general form M
(en)3

n+ are ideal host lattices for single crystals, many
studies have investigated their electron paramagnetic
resonance (EPR), reversible phase transitions, and optical
activities for electronic dichroism spectroscopy (ECD) and
vibrational dichroism spectroscopy (VCD) [1–5].

A chiral ethylenediamine ligand of such a complex can
take one of two enantiomeric conformations, and can exist
in four conformational isomers, with the C–C bond being
either nearly parallel (δ–form) or oblique (λ–form) to the
C3 axis of symmetry in the Λ–conformation—denoted by
Λ(δδδ), Λ(δδλ), Λ(δλλ) and Λ(λλλ) [4, 6], which are
degenerate with other enantiomers Δ(λλλ), Δ(λλδ),
Δ(λδδ) and Δ(δδδ), respectively. Optimized structures of
the Zn complexes are presented in Fig. 1. The reversible
phase transitions can be explained by the conformational
change of the complex site from D3 to C2 symmetry, e.g.,
the tris (ethane-1, 2-diamine) zinc (II) dinitrate phase
transition occurs at 143 K [3].

Statistical information about the natural occurrence of
enantiomers and isomers of crystalline structures of
transition metal complexes of the form M(en)3

n+with M =
Co, Ni, Ru, Zn, Tl, Cr, Cu, Rh, Cd, Ir, Os, V, Mn, Ga, Fe,
Mg, and Ge, and with n = 2,3 has been reviewed in the
literature [7]. The crystalline structure of these complexes
were regenerated and checked for enantiomers and confor-
mational isomers using the Platon computer program [8]. A
total of 162 cases were examined and the number of
occurrences of each conformation is as follows:

Δ dddð Þ Δ ddlð Þ Δ dllð Þ Δ lllð Þ Λ dddð Þ Λ ddlð Þ
6 10 10 44 65 17

Λ dllð Þ Λ lllð Þ
5 5
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That there were 109 degenerate enantiomers Δ(λλλ) and
Λ(δδδ) out of 162 occurrences is an indication of the low
relative conformational energy of these isomers in the
crystalline environment, and that these enantiomers were
dominant over the statistically 3 to 1 favored intermediates
Δ(δδδ), Δ(δδλ), Δ(δλλ), Λ(δδλ), Λ(δλλ) and Λ(λλλ).

In this work, we have employed computational studies
as a complementary technique to aid in the understanding
of the electronic and geometric structures of the zinc
complexes. Specially, we performed some calculations on
the relative stability and transition state pathways between
various conformational isomers of the coordination com-

Table 1 Optimized bond lengths (Å) and bond angles (degrees) of tris(ethylenediamin)zinc(II)

B3LYP/6–31G

Variable Δ(λλλ) Δ(λλδ) Δ(λδδ) Δ(δδδ) Experimental [18]
Bond length (Å)
Zn-Cl 3.75 3.80 3.85 3.89
Zn-N2 2.211 2.216 2.217 2.218 2.18 (1)
N5-CN5 1.48 1.48 1.48 1.48 1.48 (3)
CN3-CN6 1.51 1.52 1.52 1.53 1.47 (4)

Bond angle(°)
N4-Zn-N6 96.45 96.36 96.36 96.32 96.2 (0.6)
Zn-N2-CN2 108.34 108.32 108.30 108.28 108.1 (1.5)
N1-CN1-CN4 109.47 109.65 109.71 109.72 108.4 (2.0)

a b

c d

Fig. 1 The B3LYP/6-31G-opti-
mized structure of Zn(en)3Cl2. a
Δ(λλλ), b Δ(δλλ), c Δ(δδλ)
and d Δ(δδδ) conformations,
viewed along the C3 axis of
symmetry
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pounds; their VCD and infrared (IR) absorption spectra are
reported for closed shell Zn(en)3Cl2, d

10.
In agreement with theoretical energy calculations [9], the

Λ(δδδ) isomer has been found to be the most abundant.
More recently, however, it has been argued that hydrogen
bonding [10] or crystal packing forces [11] may cause any
of the four isomers to be the most stable. It has also been
argued that entropy effects would cause the Λ(δδλ) isomer
to have the lowest free energy [12].

Theoretical and computational developments

The computer program used was Gaussian 03W v.6.0 [13],
and all calculations were carried out at the DFT level. The
underlying theory is the Khon Sham approach to DFT [14],
which uses a one-particle Schrödinger equation and
performs self consistent field (SCF) procedures. The Vosko,
Wilk and Nusair (VWN) formula [15] was used for local
density approximation for general gradient approximation
(GGA), Becke3 (B3) [16] as an exchange correction term
and Lee-Yang-Parr (LYP) [17] as a correlation correction
term, all with the B3LYP functional and with a reasonably
large basis set of 6–31G.

Results

Transition state pathways

The DFT/B3LYP/6–31G optimizations of the complexes
were performed with good accuracy; selected bond lengths
and bond angles values are given in Table 1. Any small
differences can be attributed to the comparison of free
complex values to those of the solid state [18].

The Z–Matrix of Z(en)3
n+ is constructed using X-ray

data [3] and five dummy atoms, two along the C3 axis and
three along the C2 axes for symmetry adjustments. The
dihedral angles N–Zn–X (along the C3 axes) –X (along the
C2 axes), H–N–Zn–X (D2), H–C–N–H (D5) and H–C–N–
H (second) are optimized to obtain the conformational
energies of each isomer. In order to carry out calculations
on the conformational pathways, we found that variations
of two dihedral angles, D2 and D5, are required. Other
variables are designed in such a way that they adjust
themselves with D2 and D5. Unfortunately, due to the
instability of the complex in large deviations from
optimized conformations, a grid scan run of both angles at
the same time was not possible. Therefore, D2 and D5 were
varied step by step (35 separate runs, single point
calculations) to calculate conformational pathway energies.
The pathway between different conformers of Z(en)3

n+ in a
crystalline environment is presented in Fig. 2. Conforma-

tional energies and reversible phase transition barrier
heights are listed in Table 2. The calculated order of
stability of Z(en)3

n+ isomers in the crystalline environment
is Δ(λλλ)>Δ(λλδ)>Δ(λδδ)>Δ(δδδ), with a jump of about
1.5 kcal/mol between corresponding conformations. There-
fore, the appearance of various isomers in different
crystalline structures having high reversible phase transition
barriers of about 77.93 kcal/mol is rather accidental.

Calculations were carried out for free ions in free space.
The Z–matrices were constructed with 18 variables for
Δ(λλλ) and Δ(δδδ), and with 36 variables for Δ(λλδ) and
Δ(λδδ) conformers, and the geometry optimizations were
repeated. Except D2 and D5, no bond lengths or bond
angles changed significantly from one conformer to the
next, therefore mean values were calculated and used in
potential energy profile calculations (see Fig. 1, Table 1).
The relative gas phase conformational energies of various
isomers are the same within a fraction of a kilocalorie/mole,

Conformational path ways
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Fig. 2 Relative conformational pathways between isomers

Table 2 Relative conformational energies and barrier heights of [Zn
(en)3]Cl2 and[Zn(en)3]

2+ using X-ray data [3] and gas phase optimized
geometry variables (in kcal/mol)

Conformer [Zn(en)3]
2+, solid [Zn(en)3]

2+, free [Zn(en)3]Cl2

Δ(λλλ) 0.00 0.38 0.00
Barrier 1 74.91 53.82 49.76
Δ(λλδ) 1.42 0.00 0.12
Barrier 2 76.25 53.66 49.68
Δ(λδδ) 3.02 0.04 0.17
Barrier 3 77.90 53.86 49.68
Δ(δδδ) 4.74 0.65 0.12
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and barrier heights compared to those of the solid state are
low (53.86 kcal/mol). The conformational energies of Δ
(δδλ) and Δ (δλλ) are lower than those of Δ (δδδ) and Δ
(λλλ), giving them a bit more stability with which to meet
the statistically (3:1) favored conformation.

The same calculations were also performed for the [Zn
(en)3]Cl2 in free space. The results are given in Table 2 and
Fig. 2. Comparison of Z(en)3

n+and [Zn(en)3]Cl2 shows that
inclusion of the chlorine atoms lowers the barrier height by
about 4 kcal/mol. The most stable conformer within a
fraction of a kilocalorie/mole is Δ(λλλ).

IR and VCD spectra

Tris(ethylenediamine) zinc (II) chloride, [Zn(en)3]Cl2, was
prepared by adding excess ethylenediamine to an aqueous
solution of zinc chloride. When the product precipitated
from solution upon addition of acetone, it was immediately
filtered [19, 20] and dried. KBr tablets of [Zn(en)3]Cl2 are
prepared and the FTIR spectrum in the 400–4,000 cm−1

region (Fig. 3) was measured using an FT-IR Thermonico-
let, Nexus-670 spectrophotometer. Calculation of the
vibrational frequency spectrum of a nonlinear molecule
containing N centers leads to 3N−6 true vibrational normal
modes. As these are usually not localized motions of a
small part of the molecule, assignment of the individual
modes can, particularly in larger systems, be somewhat
difficult. Several strategies can be used to facilitate the
assignment of systems: vibrational band assignments are
carried out by (1) constructing the IR absorption spectrum
using Lorenzian line shape fitted to the experimental
spectrum, or (2) animating Gaussian output vibrational
bands using Gaussview and Hyperchem (Fig. 4, Table 3).

The optical activity of asymmetric molecules is
explained when plane-polarized radiation passes through
an active medium. The plane of the emergent plane-
polarized radiation rotates by a given angle. The plane-
polarized beam can be considered as a superimposition of
two oppositely rotating circularly polarized components.
The absorbance coefficient is defined as Δ" ¼ "L � "R [21]
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Fig. 3 The Fourier transform
infrared (FTIR) transmittance
spectrum of solid [Zn(en)3]Cl2
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Table 3 Frequency (cm−1) assignment of the Zn complex. Be Bending, Ro rocking, Tw twisting, Sc scissoring, Str stretching, Wa wagging. E, A,
B, A1, A2 are irreducible representations of the corresponding D3 and C2 symmetry point groups. A scaling factor of 0.97 was used

No Assignment B3LYP/6–31G; Zn(en)3Cl2 B3LYP/6–31G; Zn(en)3
2+

Δ(λλλ) Δ(λλδ) Δ(λδδ) Δ(δδδ) Δ(λλλ) Δ(λλδ) Δ(λδδ) Δ(δδδ) Experimental

1 ZnCl2,Be 51.1 41.9 40.8 48.8
2 ZnCl2,Be 51.1 47.3 42.2 48.8
3 ZnCl2,Be 76.7 58.1 51.7 57.9
4 ZnCl2,Be 76.7 74.2 55.7 57.9
5 ZnCl2,Str 95.5 88.6 82.4 71.3
6 ZnCl2,Str. 98.6 95.3 94.1 101.1
7 ZnNC, Be 112.3 96.9 98.9 101.1 E, 42.1 B, 43.0 A, 50.8 E, 55.6
8 ZnNC, Be 112.3 109.5 102.3 102.7 E, 42.1 A, 52.8 B, 51.9 E, 55.6
9 ZnN2, Tw 136.3 123.0 120.0 122.3 A2, 64.4 B, 68.0 B, 63.5 A2, 70.3
10 ZnN2, Tw 136.3 130.8 130.0 122.3 E, 71.0 A, 68.9 A, 70.2 E, 71.3
11 ZnNC, Be 137.7 135.9 131.6 131.1 E, 71.0 B, 73.7 B, 73.7 E, 71.3
12 ZnN2, Tw 148.9 148.2 147.7 143.5 A1, 72.0 A, 76.6 A, 85.1 A1, 97.5
13 ZnN2, Wa 175.6 166.3 154.5 153.6 A2,117.6 B, 124.5 B, 129.7 A2,134.3
14 ZnN2, Wa 175.6 169.9 169.4 153.6 E, 142.2 B, 138.4 A, 130.6 E, 134.3
15 ZnN2, Wa 198.1 175.4 171.9 174.3 E, 142.2 A, 145.5 B, 147.3 E, 147.4
16 ZnN2, Str 198.1 192.1 173.6 174.3 E, 169.5 B, 161.0 B, 159.8 E, 166.0
17 ZnN2, Str 205.3 208.9 208.1 189.8 E, 169.5 A, 161.4 A, 149.4 E, 166.0
18 ZnN2, Str 211.8 209.6 209.8 215.8 A1,173.7 A, 178.1 A, 179.7 A1,183.6
19 ZnN2, Str 217.1 217.1 218.9 231.1 E, 200.2 A, 197.6 B, 196.2 E, 201.3
20 ZnN2, Str 217.1 227.3 233.7 231.1 E, 200.2 B, 205.0 A, 202.9 E, 201.3
21 ZnN2, Str 253.3 246.7 240.5 249.0 A2,241.2 B, 239.6 B, 238.1 A2,2 37.5
22 NCC, Be 268.1 249.3 247.9 249.6 E, 258.4 A, 260.0 B, 257.0 E, 257.2
23 NCC, Be 268.1 268.5 250.9 249.6 E, 258.4 B, 260.5 A, 257.8 E, 257.2
24 NCC, Be 293.9 252.1 277.2 254.1 A1,271.6 B, 270.0 A, 266.3 A, 265.8
25 ZnN2, Sc 385.2 383.9 388.5 393.1 E, 360.4 A, 356.7 B, 353.0 E, 353.6
26 ZnN2, Sc 385.2 388.9 391.1 393.1 E, 360.4 B, 359.0 A, 358.3 E, 353.6
27 ZnN2, Sc 407.7 408.9 413.2 417.2 A1,383.2 A, 381.0 A, 383.6 A1,3 92.2
28 CH2, NH2, Ro 479.9 484.5 488.6 508.1 A2,450.9 B, 453.7 B, 456.0 A2,4 67.9 498
29 CH2, NH2, Ro 516.0 512.8 508.6 513.5 E, 480.7 B, 471.1 A, 469.0 E, 478.4 508
30 CH2, NH2, Ro 516.0 516.9 515.1 513.5 E, 480.7 A, 492.8 B, 487.0 E, 478.4 507
31 CH2, NH2, Ro 576.5 552.7 553.0 553.8 E, 504.6 B, 510.7 A, 519.3 E, 547.1 554
32 CH2, NH2, Ro 576.5 577.4 558.4 564.0 E, 504.6 A, 513.0 B, 531.9 E, 547.1 564
33 CH2, NH2, Ro 658.9 613.4 581.4 564.0 A1,584.3 A, 570.0 A, 547.8 A1,525.7 564
34 NH2, Tw + CH2, Ro 659.9 642.9 614.9 569.3 E, 604.3 B, 594.0 B, 572.1 E, 651.5 575
35 NH2, Tw + CH2, Ro 693.7 689.3 670.7 666.5 E, 604.3 A, 607.0 B, 629.2 E, 651.5 667
36 NH2, Tw + CH2, Ro 693.7 699.2 691.7 666.5 A2,626.0 B, 644.5 A, 649.9 A2,553.4 667
37 NC + CC, Str 856.5 853.7 853.4 853.4 E, 844.8 B, 840.0 A, 838.8 E, 838.7 853
38 NC + CC, Str 856.5 854.9 854.0 853.4 E, 844.8 A, 844.0 B, 839.9 E, 838.7 853
39 NC + CC, Str 861.2 858.9 856.5 855.8 E, 849.4 B, 848.0 A, 846.7 E, 846.7 856
40 NC + CC, Str 863.1 859.8 858.7 855.8 E, 849.4 A, 848.7 B, 848.0 E, 846.7 856
41 NC + CC, Str 863.1 861.2 858.9 857.0 A1,850.8 A, 850.5 A, 849.8 A1,849.2 860
42 NC + CC, Str 873.7 870.5 869.7 867.2 A2,852.2 B, 853.1 B, 855.2 A2,856.5 870
43 CH2, Ro + NH2, Tw 952.9 947.0 944.6 944.5 E, 953.6 A, 954.6 B, 954.9 E, 953.5 945
44 CH2, Ro + NH2, Tw 952.9 954.7 949.3 944.5 E, 953.6 B, 955.0 B, 955.5 E, 953.5 945
45 CH2, Ro + NH2, Tw 958.2 957.5 957.5 952.2 A1,958.5 A, 958.8 A, 958.7 A1,958.3 952
46 NC + CC, Str 1,017.0 1,010.5 1,006.2 1,006.8 E, 991.9 B, 992.7 B, 994.0 E, 996.0 1,007
47 NC + CC, Str 1,017.0 1,015.4 1,012.9 1,006.8 E, 991.9 A, 993.3 A, 994.2 E, 996.0 1,007
48 NC + CC, Str 1,032.9 1,028.7 1,028.5 1,029.5 E,1,002.7 B,1,001.1 B,1,000.7 E,1,001.0 1,029
49 NC + CC, Str 1,032.9 1,032.0 1,030.1 1,029.5 E,1,002.7 A,1,001.6 A,1,001.4 E,1,001.0 1,029
50 NC + CC, Str 1,033.5 1,032.6 1,031.7 1,031.6 A2,1,003.5 B,1,002.7 B,1,002.0 A2,1,001.0 1,031
51 NC + CC, Str 1,039.3 1,038.7 1,040.5 1,044.0 A1,1,014.8 A,1,013.5 A,1,015.2 A1,1,017.6 1,042
52 HCC + HNC, Be 1,061.0 1,057.4 1,058.2 1,055.6 A2,1,067.3 B,1,068.0 A,1,068.4 A2,1,086.0 1,055
53 HCC + HNC, Be 1,061.0 1,063.2 1,059.2 1,055.6 E, 1,075.8 B,1,074.5 B,1,074.3 E, 1,069.1 1,055
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Table 3 (continued)

No Assignment B3LYP/6–31G; Zn(en)3Cl2 B3LYP/6–31G; Zn(en)3
2+

Δ(λλλ) Δ(λλδ) Δ(λδδ) Δ(δδδ) Δ(λλλ) Δ(λλδ) Δ(λδδ) Δ(δδδ) Experimental

54 HCC + HNC, Be 1,061.7 1,073.7 1,078.5 1,086.7 E, 1,075.8 A,1,078.0 B,1,081.6 E, 1,069.1 1,085
55 NH2, Wa 1,130.5 1,107.6 1,101.9 1,104.5 E,1,119.3 A,1,118.7 B,1,119.2 E, 1,122.1 1,107
56 NH2, Wa 1,130.5 1,124.1 1,115.5 1,104.5 E, 1,119.3 B,1,120.0 A,1,121.5 E, 1,122.1 1,110
57 NH2, Wa 1,134.7 1,131.1 1,122.6 1,122.8 E, 1,120.5 A,1,122.8 A,1,125.5 E, 1,129.7 1,122
58 NH2, Wa 1,134.7 1,133.8 1,128.1 1,122.8 E, 1,120.5 B,1,128.5 B,1,129.3 E, 1,129.7 1,122
59 NH2, Wa 1,152.8 1,150.3 1,145.9 1,130.7 A1,1,130.1 A,1,130.4 A,1,133.8 A1,1,135.3 1,135
60 NH2, Wa 1,175.5 1,167.3 1,155.6 1,139.7 A2,1,143.8 B,1,141.0 B,1,140.1 A2,1,143.4 1,145
61 HCC + HNC, Be 1,271.3 1,259.9 1,254.6 1,253.8 E, 1,278.8 A,1,279.1 A,1,280.2 E, 1,281.4 1,253
62 HCC + HNC, Be 1,271.3 1,270.4 1,260.4 1,253.8 E, 1,278.8 B,1,280.0 B, 1,282.2 E, 1,281.4 1,253
63 HCC + HNC, Be 1,275.9 1,274.9 1,272.6 1,265.8 A1,1,284.9 A,1,285.7 A,1,285.4 A1,1,284.0 1,265
64 CH2 + NH2, Tw 1,294.1 1,284.7 1,282.9 1,281.5 E, 1,294.8 B,1,294.6 B,1,295.3 E, 1,296.7 1,278
65 CH2 + NH2, Tw 1,294.1 1,294.7 1,284.3 1,281.5 E, 1,294.8 A,1,295.0 A,1,295.7 E, 1,296.7 1,280
66 CH2 + NH2, Tw 1,302.4 1,300.6 1,298.8 1,283.7 A1,1,296.5 A,1,296.0 A,1,297.0 A1,1,297.6 1,284
67 CH2 + NH2, Tw 1,338.4 1,322.9 1,318.9 1,317.8 E, 1,335.7 A,1,336.0 B,1,336.8 E, 1,338.1 1,320
68 CH2 + NH2, Tw 1,338.4 1,338.3 1,322.9 1,317.8 E, 1,335.7 B,1,336.7 A,1,338.0 E, 1,338.1 1,320
69 CH2 + NH2, Tw 1,345.0 1,343.4 1,341.7 1,324.4 A2,1,338.2 B,1,339.2 B,1,338.6 A2,1,338.6 1,332
70 CH2, Wa 1,385.2 1,383.7 1,383.2 1,388.5 E, 1,398.8 A,1,398.6 B,1,399.3 E, 1,399.1 1,380
71 CH2, Wa 1,385.2 1,385.3 1,388.9 1,388.5 E, 1,398.8 B,1,399.0 A,1,399.3 E, 1,399.1 1,390
72 CH2, Wa 1,387.9 1,391.1 1,392.4 1,393.4 A2,1,399.2 B,1,400.3 B,1,402.1 A2,1,403.0 1,393
73 CH2, Wa 1,392.6 1,392.3 1,392.8 1,394.5 E, 1,406.4 A,1,406.1 A,1,405.6 E, 1,406.2 1,395
74 CH2, Wa 1,392.6 1,392.3 1,394.8 1,394.5 E, 1,406.4 B,1,406.2 B,1,406.5 E, 1,406.2 1,395
75 CH2, Wa 1,392.9 1,396.4 1,398.1 1,398.8 A1 1,406.4 A,1,407.0 A,1,407.8 A1,1,408.2 1,400
76 CH2, Sc 1,497.3 1,497.9 1,498.9 1,500. 2 A1,1,499.6 A,1,499.9 A,1,498.3 A1,1,498.0 1,499
77 CH2, Sc 1,497.9 1,498.2 1,499.8 1,500. 2 E, 1,500.1 A,1,500.0 A,1,499.4 E, 1,498.1 1,500
78 CH2, Sc 1,497.9 1,498.9 1,499.8 1,500.8 E, 1,500.1 B,1,500.2 B,1,499.7 E, 1,498.1 1,500
79 CH2, Sc 1,498.7 1,499.5 1,500.3 1,501.5 A2,1,502.8 B,1,502.5 B,1,501.4 A2,1,501.3 1,501
80 CH2, Sc 1,499.9 1,499.5 1,500.9 1,501.5 E, 1,503.7 B,1,503.4 A,1,503.7 E, 1,501.3 1,501
81 CH2, Sc 1,499.9 1,500.3 1,501.0 1,501.7 E, 1,503.7 A,1,503.8 B,1,503.8 E, 1,501.6 1,502
82 NH2, Sc 1,665.4 1,656.5 1,654.7 1,659.3 A2,1,651.2 B,1,651.0 B,1,654.2 A2,1,661.9 1,660
83 NH2, Sc 1,673.8 1,666.7 1,661.9 1,660.8 A1,1,659.1 A,1,661.2 A,1,665.2 A1,1,666.2 1,660
84 NH2, Sc 1,688.6 1,676.8 1,664.1 1,660.8 E, 1,668.8 A,1,666.7 B,1,666.8 E, 1,666.2 1,660
85 NH2, Sc 1,688.6 1,678.9 1,668.3 1,670.7 E, 1,668.8 B,1,667.6 A,1,667.5 E, 1,672.9 1,671
86 NH2, Sc 1,693.4 1,688.2 1,683.7 1,670.7 E, 1,673.4 A,1,673.9 A,1,675.7 E, 1,673.6 1,671
87 NH2, Sc 1,693.4 1,690.9 1,685.4 1,674.1 E, 1,673.4 B,1,675.6 B,1,676.7 E, 1,673.6 1,674
88 CH2, Sym Str 2,942.5 2,941.2 2,940.3 2,939.0 A2,2,982.8 B,2,981.2 A,2,981.8 A2,2,982.7 2,940
89 CH2, Sym Str 2,942.6 2,942.2 2,940.5 2,939.0 E, 2,983.1 B,2,981.4 B,2,981.8 E, 2,982.7 2,940
90 CH2, Sym Str 2,942.6 2,942.3 2,940.9 2,939.3 E, 2,983.1 B,2,983.0 A,2,982.7 E, 2,982.8 2,940
91 CH2, Sym Str 2,954.6 2,951.6 2,950.9 2,950.0 E, 2,983.2 A,2,983.2 B,2,982.8 E, 2,983.5 2,952
92 CH2, Sym Str 2,954.6 2,954.3 2,951.5 2,950.0 E, 2,983.2 B,2,983.5 B,2,982.9 E, 2,983.5 2,952
93 CH2, Sym Str 2,955.6 2,955.0 2,953.2 2,951.1 A1,2,983.2 A,2,983.5 A,2,983.1 A1,2,983.6 2,958
94 CH2, Asym Str 2,999.5 2,983.0 2,981.9 2,980.5 E, 3,026.3 A,3,024.4 B,3,024.6 E, 3,024.8 2,950
95 CH2, Asym Str 2,999.5 2,989.5 2,982.1 2,980.5 E, 3,026.3 B,3,025.9 A,3,024.7 E, 3,024.8 2,950
96 CH2, Asym Str 2,999.7 2,989.7 2,986.5 2,980.8 A1,3,026.5 A,3,026.0 A,3,025.4 A1,3,025.0 2,952
97 CH2, Asym Str 3,010.2 3,003.6 3,003.0 3,002.1 A2,3,037.9 B,3,035.8 B,3,036.6 A2,3,037.2 2,998
98 CH2, Asym Str 3,010.6 3,009.5 3,003.1 3,002.1 E, 3,038.0 B,3,037.7 A,3,036.6 E, 3,037.2 3,020
99 CH2, Asym Str 3,010.6 3,009. 7 3,006.4 3,002.2 E, 3,038.0 A,3,038.0 B,3,037.2 E, 3,037.2 3,020
100 NH2, Sym Str 3,119.8 3,094.9 3,093.3 3,228.2 E, 3,354.1 B,3,353.4 B,3,352.5 E, 3,354.4 3,230
101 NH2, Sym Str 3,119.8 3,102.3 3,100.8 3,228.2 E, 3,354.1 A,3,353.5 A,3,352.7 E, 3,354.4 3,230
102 NH2, Sym Str 3,127.4 3,132.3 3,247.0 3,231.4 E, 3,354.8 B,3,354.0 B,3,353.4 E, 3,354.6 3,240
103 NH2, Sym Str 3,127.4 3,138.8 3,249.6 3,231.4 E, 3,354.8 A,3,354.8 A,3,353.5 E, 3,354.6 3,239
104 NH2, Sym Str 3,172.3 3,268.7 3,258.9 3,246.7 A2,3,355.1 B,3,355.0 B,3,354.5 A2,3,354.9 3,250
105 NH2, Sym Str 3,178.2 3,270.9 3,261.3 3,249.1 A1,3,356.5 A,3,355.6 A,3,354.7 A1 3,355.3 3,258
106 NH2, Asym Str 3,420.6 3,418.9 3,418.6 3,442.6 E, 3,435.3 B,3,434.5 A,3,432.8 E, 3,436.4 3,440
107 NH2, Asym Str 3,420.6 3,418.9 3,419.0 3,442.6 E, 3,435.3 A,3,434.8 B,3,433.6 E, 3,436.4 3,440
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and the line shape is nearly Gaussian. The absorbance
coefficient of the VCD is given by Eq. 1:

Δ" ¼ 2
ffiffiffiffiffiffiffi

ln 2
p

Rn
2:296� 10�39

ffiffiffi

p
p

Γ 1=2

� exp 4 lnð2Þ n � n0
Γ 1=2

� �2
" #

ð1Þ

Where R is the rotational strength and Γ 1=2 is the full
width at the half height. Reading the rotational constant
from the Gaussian output, and using the constant full line
width of 20 cm−1 similar to the IR absorbance spectra,
VCD absorption spectra can be constructed (Figs. 5, 6, 7).

When the complex, [Zn(en)3]Cl2, is due to the flipping
of the C–C backbone in one of the ethylenediamine ligands
from the δ to the λ form, the resulting Δ(λλλ) to Δ(δλλ)
conformational change reduces the symmetry to C2. This
type of conformational change, even if it does not move the

N atom, can influence the electronic properties of the
complex as a change in the Zn–N–C angle can influence
the direction of the bonding N orbitals. Small amounts of
“bent bonding” were required in the interpretation [22] of
the circular dichroism of [Zn(en)3]Cl2.

The vibrations appeared in groups of three or six
depending on ring deformations or the stretching or
bending activities of functional groups such as CH2 or
NH2. The major frequency shifts among different confor-
mations are in the 400–700 cm−1 area, areas of CH2+NH2

rock and CH2 twist+NH2 rock, and NH2 and CH2

scissoring occur also in the area 1,600–1,700 cm−1. Almost
all of the H atoms in the bending area are moving, therefore
assignments are rather uncertain; however, the most
dominant and active modes are assigned. Unlike functional
frequencies, the skeleton frequencies for different con-
formers are shifted, as expected, and some appear with
different intensities.

Table 3 (continued)

No Assignment B3LYP/6–31G; Zn(en)3Cl2 B3LYP/6–31G; Zn(en)3
2+

Δ(λλλ) Δ(λλδ) Δ(λδδ) Δ(δδδ) Δ(λλλ) Δ(λλδ) Δ(λδδ) Δ(δδδ) Experimental

108 NH2, Asym Str 3,421.4 3,419.9 3,441.4 3,443.0 E, 3,435.7 B,3,435.8 A,3,435.2 E, 3,436.9 3,441
109 NH2, Asym Str 3,421.8 3,421.1 3,441.5 3,443.1 E, 3,435.7 A,3,436.2 B,3,435.2 E, 3,436.9 3,442
110 NH2, Asym Str 3,421.8 3,446.6 3,443.9 3,443.1 A2,3,437.3 A,3,437.3 B,3,436.7 A2,3,437.0 3,442
111 NH2, Asym Str 3,422.0 3,447.0 3,444. 4 3,444.0 A1,3,437.7 B,3,437.4 A,3,436.9 A1,3,437.0 3,444
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Fig. 5 Infrared and vibrational dichroism spectroscopy (VCD) NH2 symmetry and asymmetry stretching modes
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Discussion

The VCD measurements were more accurate than the
corresponding IR experiments due to the differences in
experimental settings illustrated in Eq. 2; whereas alignment
errors accumulate in IR, they cancel each other out in VCD.

IR; Δ" ¼ "L þ "R
VCD; Δ" ¼ "L � "R

ð2Þ

In the geometry optimization, the two dihedral angles
H–N–Zn–X and H–C–N–H played the major roles from

one conformation to the other. These two angles can be
considered equally as H–N–C and H–C–N out-of-plane
bending modes, and it is expected that a combination of
CH2 and NH2 bending would be affected by the
conformational change. IR vibrational modes for all
four conformations except NH2 wagging at 1,120 and
1,142 cm−1, HCC+HNC bending at 1,070 cm−1 and the
400–700 cm−1 area appear at the same frequencies and
intensities, but VCD band polarization changes, giving a
detailed structural mode leading to easy conformational
distinction.
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Different areas of the Zn(en)3
2+ complex were magnified

to investigate the behavior of the vibrational modes
involved with respect to right and left polarizations. NH2

asymmetry stretching at 3,436 cm−1 for the conformations
Δ(λλλ), Δ(λλδ), Δ(λδδ) to Δ(δδδ) lost right polarization
intensities by about one-quarter and gained left activity for
each step of deformational change. NH2 symmetry stretch-
ing at 3,355 cm−1 for all conformations appeared at the
same frequency and intensity for both IR and VCD,
suggesting an invariant response to polarized light (Fig. 5).

CH2 asymmetry stretching at 3,026 and 3,036 cm−1

for Δ(λλλ) conformation is right polarized, whereas CH2

symmetry stretching at 2,983 cm−1 is left polarized. The
Δ(λλδ) structure is losing about half of the corre-
sponding intensity and gaining opposite polarization,
and this situation is continued for the Δ(λδδ) complex
and ends with the converse situation for the Δ(δδδ)
conformation.

Unlike in Fig. 5, there is no frequency shift from one
isomer to another for the NH2 scissoring bands at
1,651 cm−1 and 1,673 cm-1. These two bands are in fact a
combination of six (1,651, 1,659, 1,669, 1,669, 1,673 and
1,673 cm−1) transitions. The intensity of the outer bands
decreases and the inner bands gain in intensity with each
conformational change from Δ(λλλ) to Δ(δδδ) complexes,
and finally only one strong band appears at 1,665 cm−1

(Fig. 6). Whereas in VCD, the band at 1,651 cm−1 from left
polarization dies out in a step of one-quarter, the band at
1,670 cm−1 from right polarization dies out at a slower rate.
The same behavior as CH2 stretching is seen for CH2

scissoring at 1,502 cm−1.
NH2 wagging at 1,120 cm−1 is shifted to a higher

frequency by a step of about 3 cm−1 from Δ(λλλ) to
Δ(δδδ), and HCC+HNC bending at 1,076 cm−1 shifts to a
lower frequency. Shifting frequency and polarization results
in the complex behavior of the VCD spectra. CH2 wagging
at 1,402 cm−1 has a similar trend as the conformation
changes shown in Table 3.

NH2+CH2 twisting at 1,294 and 1,338 cm−1 and C–C+
C–N stretches occur in area 825–1,025 cm−1. The frequency

shift is about 1 cm−1 for each step of the conformational
change but, for example, the optical activity of the band at
1,294 cm−1 of the Δ(λλλ) conformer from right polariza-
tion loses about 50% of its intensity compared to the
Δ(λλδ) conformer and changes to left polarization for
Δ(λδδ) and Δ(δδδ) (Table 3).

Optical activity does not change in the area 175–
400 cm−1 of the Zn–N stretch, but the intensity changes
from Δ(λλλ) to Δ(δδδ). In the skeleton area 400–675 cm−1

(Fig. 7), intensity changes, shifting and overlapping of
frequencies provide interesting features due to the appear-
ance of many transitions occurring within a small area.

A combination of NH2 and CH2 twisting and rocking
modes occur in the 400–700 cm−1 region, and we expect
some frequency shifts among different isomers. The
variation of ν22 and ν29 with the conformation change
for Δ(δδδ), Δ(δδλ), Δ(δλλ) and Δ(λλλ) are plotted in
Fig. 8.

Conclusion

The calculated relative conformational energies of [Zn
(en)3]Cl2 (Table 2) fall within 0.17 kcal/mol. The relative
conformational energy of Δ(λλλ)=0.0 kcal/mol; this
conformer has the lowest energy. The next highest energy
isomer is (Δδδδ)at0.12 kcal/mol. These two conformers
occur in two-thirds of reported structures, presumably
because these are the configurations most easily stabilized
by hydrogen bonds. Conversely, the single examples of
the Δ(δδλ) and Δ(δλλ) configurations indicate that these
represent higher energy isomers. Furthermore, the large
number of strong hydrogen bonds found in the Δ(δδδ)
structure support this assignment. The results for Δ(δδλ)
and Δ(δλλ) are more ambiguous. Their relative rarity
warrants placing these configurations as the second high-
est energy isomer. We thus propose the following order for
the relative conformational energies of the four unique
Δ configuration isomers: Δ(λλλ) <(Δδδδ) <Δ(δλλ)
<Δ(δδλ)
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