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Copper complexes of ethylenediamine (é¥methylethylenediamine (meem,N-dimethylethylenediamine
(dmen), N,N,N'-trimethylethylenediamine (tren), an®l,N,N',N'-tetramethylethylenediamine (tmen) are
synthesized in laser-vaporization supersonic molecular beams and studied by pulsed-field ionization zero
electron kinetic energy (ZEKE) and photoionization efficiency spectroscopies and second-order-Moller
Plesset perturbation theory. Precise ionization energies and vibrational frequenciesef,Emmeen, and
—dmen are measured from the ZEKE spectra, and ionization thresholds-¢feébuand—tmen are estimated

from the photoionization efficiency spectra. The measured vibrational modes span a frequency range of 35
1646 cm® and include metatligand stretch and bend, hydrogen-bond stretch, and ligand-based torsion. A
number of low-energy structures with Cu binding to one or two nitrogen atoms are predicted for each complex
by the ab initio calculations. The combination of the spectroscopic measurements and ab initio calculations
has identified a hydrogen-bond-stabilized monodentate structure for therCeomplex and bidentate cyclic
structures for the methyl-substituted derivatives. The change of the Cu binding from the monodentate to the
bidentate mode arises from the competition between copper coordination and hydrogen bonding.

1. Introduction with the metal ions binding to single nitrogen of trans'&#

_ . i ) a hydrogen-bonded monodentate form of Mgn with Mg"
Ethylenediamine (en) is one of the most widely used nitrogen- binding to a nitrogen atom of gauche ¥rand three monoden-

containing ligands in coordination chemist§The ligand can tate forms of K/K—en with or without internal hydrogen
adopt staggered trans and gauche conformations abouttie C - ponging16 More closely related to this work was a DFT study
bond. Itis all trans in the solid st&e and largely gauche in  of the potential energy surface associated with the gas-phase
the liquid® In the vapor phase, ten rotational isomers have been o4 tions between en and Ty Alcami et al'819 From the
predicted; 2 and the most stable ones are two gauche forms, peT cajculation, the most stable association complex of-€u
each with an internal NH-N hydrogen bond.The two gauche o, \as a bidentate cyclic structure, a second minimum was a
forms have a tendency to convert to the trans form when the pyqrogen-bond stabilized monodentate structure, and two other

temperature is increasedr the molecules are heated by the |5c4| minima were found with Cuubinding to the trans isomer
absorption of infrared radiatiof. of en.

In the condensed phases, en complexes of metal ions are | this paper, we report the ZEKE study of the Cu complexes
mainly in the chelating mode, although examples have beeniih en, N-methylethylenediamine (meeny,N-dimethylethyl-
found in monodentate and bridging forhtn the gas phase,  enediamine (dmenl,N,N-trimethylethylenediamine (tren), and
experimental and theoretical studies have shown similar b'de”'N,N,N’,N'-tetramethylethylenediamine (tmen). The ZEKE spec-
tate binding modes for a number of metal atoms and ions. {3 of Cu-en, —meen, and-dmen are analyzed by using MP2
Recently, Li et al. studied group 13 (Al, Ga, and In) meé@h  anq Franck-Condon (FC) calculations. In contrast to the
complexes by using pulsed-field ionization zero electron kinetic reviously reported metalen complexes, the neutral €en
energy (ZEKE) spectroscopy and density functional theory ¢omplex prefers a monodentate binding mode, where Cu binds
(DFT).* Four structural isomers with metal binding to gauche 14 4 nitrogen atom of a hydrogen-bonded gauche en molecule.
and trans forms of en were predicted by the DFT calculations, yjore interestingly, methyl substitutions of one or more hydrogen
and a five-membered cyclic structure was identified by ZEKE 51oms of the NH groups switches the Cu binding from the
spectroscopy. This structure is formed by metal binding to tWo ,onhodentate to bidentate mode.
nitrogen atoms of a gauche en molecule. The bidentate binding
mode was also found for - and Na—en by the Hartree
Fock (HF) calculations of Ikut#}®> K/K*—en by the photo-
ionization efficiency (PIE) measurements and HF/second-order Experimental measurements were performed with our home-
Moller—Plesset perturbation (MP2) calculations of Liau and puilt metal cluster beam ZEKE spectrometeMetal complexes

Su/® and Mg'—en by the photoframentation experiments and were prepared by reactions of copper atoms with the vapor of
DFT calculations of Liu et al” Above the bidentate structure, g diamine ligand [NHCH,CH:NH,, 99.5%, Aldrich; CH-

these calculations located a monodentate form 6fNa™—en NHCH,CH,NH,, 95%, TCI; (CH),NCH,CH,NH,, 99%, Ald-
I’iCh; (CH3)2NCH2CH2NHCH3, 96%, TCI; (CI’&)QNCHQCHzN-
* dyang0@uky.edu. (CHz3)2, 99%, Aldrich] in molecular beams. Copper atoms were
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2. Experimental and Computational Methods
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produced by pulsed laser vaporization of a copper rod (99.9%; )
Alfa Aesar) with the second harmonic output of a Nd:YAG o i
(neodymium: yttrium aluminum garnet) laser (Quanta-Ray, 9 "-~-z‘ ?‘J
GCR-3, 532 nmy3 mJ) in the presence of a carrier gas (He or 9
Ar, UHP, Scott-Gross) of50 psi. The carrier gas was delivered
by a piezoelectric pulsed valvé The metal rod was translated (a) gauche A (b) gauche B (c) trans
and rotated by a motor-driven mechanism to ensure that eachFigure 1. Low-energy rotational isomers of ethylenediamine
laser pulse ablate a fresh metal surface. The vapor of the diamine ' '
ligand was introduced at room temperature and through aand a slightly lower energy than gauche B, while both gauche
stainless capillary to a small reaction chambet 6 mL). This ~ forms have the saméH—N-+-H angles. The two gauche forms
chamber was located downstream of the ablation region, whereare different because of the different orientations of the proton
the ligand interacted with the copper atoms entrained in the donor NH group. To estimate the hydrogen-bond strength, we
carrier gas. calculated a gauche conformer@ symmetry with a twofold
Molecular species in the supersonic beam were identified by axis passing through the middle point of the-C bond. This
time-of-flight mass spectrometry. The ultraviolet photon source Structure has a hydrogemitrogen distance of 2.83 A, which
used for ionization was a frequency-doubled dye laser (Lumon- i larger than the sum of the van der Waals radii of nitrogen
ics, HD-500), pumped by a XeCl excimer laser (Lumonics, PM- (1.55 A) and hydrogen (1.20 &).By neglecting the hydrogen-
800). lon signals of 1:1 metaligand complexes were optimized ~ bonding interaction in thisC, structure, we estimated the
by adjusting the timing and power of the ablation and photo- hydrogen-bond dissociation energy of 17.8 kJThédr the most
ionization lasers, the vapor pressure of the ligand, and the stable gauche form. This value is_Iarger than the dissociation
backing pressure of the carrier gas. Prior to ZEKE experiments, energy of 12.2 kJ mof- for ammonia dime??
ionization thresholds of the 1:1 complexes were located by The relative stability of the three isomers of meen and dmen
recording the ion signal as a function of laser wavelength. ZEKE follow the same order as that of the parent diamine (Table 1),
electrons were produced by photoexcitation of neutral moleculesand the energy differences between the gauche (A,B) and trans
to high-lying Rydberg states, followed by3 us delayed pulsed forms increase with increasing number of methyl groups. The
electric field ionization (1.2 V cmt, 100 ns) of these Rydberg N—C—C—N framework remains planar in the trans dmen, but
states. A small dc field 0£0.08 V cnt! was applied to help it is nonplanar in the trans meen because of the asymmetric
separate ZEKE electrons from kinetic electrons produced by NHCHs group. For the gauche isomers, thtN—C—C—N
direct photoionization. The pulsed electric field was generated dihedral angle slightly decreases from en through meen to dmen,
by a digital delay-pulse generator (SRS, DG535). The ion and While the N---H bond distance andN—H--N angle show no
electron signals were detected by a dual microchannel platesignificant changes. The calculations of the hydrogen-bond
detector (Galileo), amplified by a preamplifier (SRS, SR445), energies of meen and dmen are not straightforward, because
averaged by a gated integrator (SRS, SR250), and stored in 4he energies of the non-hydrogen-bonded configurations depend
laboratory computer. Laser wavelengths were calibrated againston the relative orientation of the methyl groups. However, a
vanadium or titanium atomic transitios.Field-dependent ~ Mulliken population analysis of gauche A shows the negative
measurements were not carried out because of the limited sizecharges on the nitrogen atom of the proton acceptor, NH
of the ZEKE signal. [NHCH3 or N(CHs);] decreases from en—0.43) to meen
Geometry and frequency calculations were carried out with (70-33) to dmen £0.08). Since the positive charges on the
the MP2 method and 6-3#15(d,p) basis, implemented in the hydrogen atoms of the proton donor Migroups are almost
Gaussian 0%rogram packag® Multidimensional FC factors ~ the same £0.25) in the three amines, the decrease of the
were calculated from the equilibrium geometries, harmonic Neégative charges on the nitrogen atom should reduce the
frequencies, and normal coordinafé8s In these FC factor Co.ulomb attrapnon betwgen the hydrpgen and nitrogen ato.ms.
calculations, the Duschinsky effé&was considered to account 1 NiS agrees with the previous predictions that methyl substitu-
for normal mode differences between the neutral molecule andtions deplete the charges of the proton acceptors of nitrogen
ion. Spectral broadening was simulated by giving each line a 28s€*"** and reduce the strengths of the internal hydrogen
Lorenztian line shape with the line width of the experimental Ponding of nitrogen- and oxygen-containing dim#s’*
spectrum. Transitions from excited vibrational levels of the 1€ trimethyl-substituted diamine ligand has only one

neutral electronic states were considered by assuming thermafydrogen atom available to form a N+-N hydrogen bond in
excitations at specific temperatures. the gauche A form. In comparison to dmen, the gauche A isomer

of tren has a significantly longer NHN distance and smaller
—N—H---N angle (Table 1), indicating a weaker hydrogen bond
in this trimethyl-substituted derivative. The weakening of the
3.1. Computation. 3.1.1. Isomers of Free Ligandsio hydrogen bond in tren is due to the reduced electrostatic
determine the structures of the metal complexes, we first interaction and the increased steric hindrance. The reduced
consider the low-energy conformers of the free ligands. electrostatic attraction arises from the decrease of the positive
Although a large number of rotational isomers have been charge on the hydrogen atom of the proton donor upon the
predicted for en, only three were identified by electron diffrac- additional methyl substitution. For the gauche B isomer, a CH
tion® or infrared spectroscopic measureméA&igure 1 displays --N hydrogen bond is predicted, where the {toup acts as
the most stable gauche (A,B) and trans isomers of en, and Tablethe proton donor (Figure 2a). A CHN hydrogen bond is
1 lists their geometries and relative energies from the MP2/6- normally considered to be weak, because the carbon atom is
311+G(d,p) calculations. Both gauche isomers are more stable not very electronegative. However, this type of the hydrogen
than the trans form, due to the stabilization of the internat NH bond has been identified in a variety of organic and organo-
--N hydrogen bonding. This prediction is consistent with the metallic compound-38 Interestingly, the CH-N bond of the
previous MP2:10 and B3LYP:2 calculations. Gauche A has a gauche B isomer has a shorterH\ distance and a large&rC—
shorter NH--N distance, a larggffN—C—C—N dihedral angle, H---N angle than the NH-N bond of gauche A (Table 1),

3. Results and Discussion
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TABLE 1: Relative Electronic Energies (E., kJ mol~1) and Geometries R, A; O, deg) of Ethylenediamine and
Methyl-Substituted Derivatives from MP2/6-311+G(d,p) Calculations

molecules conformets Ee R(H-+-N) ON—H---N ON—-C-C—N
HoN(CHy)2NHz, en gauche A 0 2.450 105.0 63.9
gauche B 1.6 2.533 105.0 60.2
trans 8.2 180.0
(CH3)HN(CHy)2NH2, meen gauche A 0 2.440 105.7 61.8
gauche B 1.6 2.534 105.3 58.2
trans 111 177.4
(CHs)2N(CH,)2NH,, dmen gauche A 0 2.446 105.7 60.3
gauche B 1.9 2.549 105.3 56.9
trans 15.2 180.0
(CH3)2N(CH,),NH(CH), tren gauche A 0 2.595 100.3 51.4
gauche B 6.5 2.489 120.2 66.5
trans 18.0 176.8
(CH3)2N(CHy)2N(CHs)2, tmen gauche 0 2.367 128.0 70.2
trans 15.7 180.0

a All conformers are in the&C; point group except for the trans conformers of &), dmen Cs), and tmen Cz). All gauche conformers have
a NH---N hydrogen bond, except for the gauche B of tren and the gauche form of tmen, both of which haveM IGidrogen bond? —C—
H-+-N.

nearly identical hydrogen-bond lengths. H-bond 1 is slightly
more stable than H-bond II. The major difference between the

e o
:;i ;J j,i ;ﬁ{ two hydrogen-bonded monodentate isomers isfl@&—N—
; _ C—C dihedral angle, which is 72.0n H-bond | and 169.7in
J’? * )’?‘ H-bond II. The differential dihedral angles are due to the
J different orientations of the proton donor Migroups of the
gauche A and B forms. Upon Cu coordination, the hydrogen-
(a) tren (b) tmen bond distances are reduced, and the—H---N angles are
Figure 2. CH---N hydrogen-bonded isomers of trimethylethylenedi- Increased. The negative charge of the nitrogen atom of the
amine (a) and tetramethylethylenediamine (b). proton acceptor is increased from({.43) in the free gauche A
form to (—0.53) in the complex, and the positive charge of the
hydrogen atom of the proton donor is increased from 0.27 to
0.30. These changes in the hydrogen-bond geometry and atomic
charge suggest that Cu coordination enhances the hydrogen
i bonding. The ring structure is formed by Cu binding to both
) 9 nitrogen atoms of the gauche A or B forms and has a twofold
axis passing through the Cu atom and the middle point of the
(a) H-bond 1 (b) H-bond 1T C—C bond. This bidentate cyclic structure has a slightly higher
energy than the monodentate H-bond | complex but a significant
)./0 2
' ?/i atom of the trans ligand and has the highest energy among all
J the isomers. The different stabilities between the monodentate

lower ionization energy. The bidentate structure also has a longer
Cu—N distance than the monodentate complex, as expected by

J trans and hydrogen-bonded structures are clearly due to the
effect of the internal hydrogen bonding.

) I

considering coordination numbers. The fourth conformer of the
Cu—en complex is formed by Cu binding to single nitrogen

i © ri'_'g ) @ t_m“'s It is interesting to compare the binding modes of-€@m with
Figure 3. Rotational isomers of Cuethylenediamine. other metat-en complexes, for which structures have been
although the hydrogen atom in G+N is less positively charged determined? The hydrogen-bond-stabilized monodentate struc-
than that in NH--N. tures of the neutral Cuen complex are more stable than the

The formation of the NH-N hydrogen bond is not possible ~ bidentate cyclic structure, whereas the most stable structure of
in the tetramethyl-substituted diamine, because all four hydrogenthe group 13 metaten complexes is in the bidentate binding
atoms in the two Nk groups are replaced by methyl groups. mode. Although the en ligand has two nitrogen binding sites,
Thus, only a gauche isomer containing a ‘&N bond is the actual binding mode depends on the competition between
predicted for this molecule (Figure 2b). The gauche tmen showsthe hydrogen bonding and metal coordination. The group 13
a shorter CH-N distance and largégnC—H---N and[ON—C— metal atoms have an unpaired np electron, and the p orbital
C—N angles than the gauche B tren. The larger angles are duecan orientate itself perpendicularly to the nitrogen lone-pair
to the increased steric effect in the tetramethyl-substituted electron orbital to minimize the electron repulsion. On the other
diamine. hand, the Cu 4selectron has a high density along the nitrogen

3.1.2. Isomers of Cuen. Figure 3 displays the H-bond |,  lone-pair orbital, which causes strong electron repulsion. As a
H-bond I, ring, and trans isomers of €en, with their result, the group 13 metal atoms bind N atom more strongly
geometries and relative energies listed in Table 2. The H-bond than Cu atom. For example, the metlgand bond dissociation
I and Il isomers are formed by Cu binding with single nitrogen energy of the bidentate Alen complex is calculated to be 78.4
of gauche A and B. They have the same-Qudistances and  kJ mol™%, while that of the bidentate Gten is 50.0 kJ mot®.
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TABLE 2: Relative Electronic Ener/gies (Ee kJ mol™1), Adiabatic lonization Energies (AIE, eV), Bond Dissociation Energies

(Do, kJ mol~1), and Geometries R,

0, deg) of Copper-Diamine Complexes from MP2/6-31%G(d,p) Calculations

complexed Ee AIE Do R(Cu—N) R(N---H) ON—Cu—N ON—H---N OCu—N-C ON—-C—-C—N
Cu—en
H-bond | 0 5.03 535 2.02 2.32 109.3 116.0 58.7
H-bond I 2.2 4.99 52.8 2.02 2.39 108.8 116.3 57.3
ring 4.0 4.08 50.0 2.17 81.6 107.4 56.7
trans 14.5 5.19 47.4 2.03 117.2 176.6
Cut—en
H-bond | 90.6 268.0 1.92 2.13 114.8 118.0 51.4
H-bond Il 89.2 270.6 1.91 2.10 117.6 118.6 51.2
ring 0 355.5 2.01 92.6 100.1 58.1
trans 120.9 246.8 1.93 115.2 179.7
Cu—meen
H-bond | 2.0 4.98 55.3 2.02 2.36 110.3 116.3 54.8
H-bond Il 0 5.01 55.9 2.02 2.31 116.0 57.6
ring 2.2 4.05 54.3 2.19/2.16 82.0 105.6/108.1 57.0
trans-L 17.8 5.21 49.5 2.05 111.4 174.5
trans-S 18.6 5.21 48.7 2.03 115.7 177.8
Cut—meen
H-bond | 92.7 274.7 1.91 2.07 119.2 118.8 50.0
H-bond Il 935 272.5 1.91 2.08 117.5 117.9 49.9
ring 0 363.2 2.01 93.6 99.4/100.6 58.6
trans-L 131.1 246.9 1.93 112.1 171.8
trans-S 132.4 245.6 1.92 116.6 179.7
Cu—dmen
H-bond | 2.7 4.98 53.4 2.02 2.36 110.8 116.4 535
H-bond I 0 5.02 57.4 2.02 2.31 109.7 115.9 56.3
ring 2.4 4.04 54.4 2.23/2.14 82.2 104.2/108.6 56.8
trans-L 23.3 5.20 48.5 2.08 107.3 180
trans-S 22.0 5.19 49.4 2.03 115.7 180
Cu"—dmen
H-bond | 94.6 272.3 1.91 2.04 120.8 118.9 48.7
H-bond I 95.5 272.8 1.91 2.07 118.2 117.7 49.1
ring 0 364.2 2.01/2.00 94.6 98.2/100.0 58.5
trans-L 137.1 246.0 1.94 108.1 180.0
trans-S 134.3 248.1 1.92 116.5 180.0
Cu—tren
H-bond | 1.3 4.95 57.2 2.03 2.37 109.0 113.2 48.7
H-bond Il 10.8 54.0 2.04 2.44 120.3 115.2 61.3
ring 0 4.00 59.2 2.22/2.16 82.7 104.8/106.4 57.6
trans-L 27.2 5.17 49.5 2.07 107.2 177.9
trans-S 25.0 5.15 51.2 2.05 111.3 168.7
Cut—tren
H-bond | 96.5 279.1 1.91 2.02 122.2 115.1 44.5
ring 0 372.8 2.01/2.00 95.7 97.9/98.5 59.1
trans-L 143.5 250.4 1.94 108.0 173.1
trans-S 138.9 254.1 1.93 112.0 163.5
Cu—tmen
H-bond 13.0 53.2 2.06 2.33 128.4 112.9 65.2
ring 0 3.99 66.0 2.20 83.1 105.2 57.1
trans 31.6 5.15 50.0 2.07 107.0 180.0
Cut—tmen
ring 0 380.5 2.00 96.6 97.4 58.9
trans 146.6 252.7 1.94 107.7 180.0

a All complexes are in theC; point group, except for the ring structures of Cu/€en and—tmen (C;) and the trans structures of Cu/Cu
dmen and-tmen C). All H-bonded complexes have a NHN hydrogen bond, except for H-bond Il €tren and H-bond Cutmen, which have
a CH--N hydrogen bond? -C—H---N.

Another interesting difference between Cu and group 13 metal nitrogen bond distance is reduced, and the mdigand bond
atoms concerns their trans structures. The trans structure-of Cu energy is dramatically enhanced for all four conformers. As
en has a twist NCCN chain, while the group 13 meth trans metal-ligand bond energy increases, the bidentate cyclic ion
form hasCs symmetry with a planar NCCN framewo#R The becomes more stable than the monodentate hydrogen-bonded
C; trans structure of Cden is not a local minimum. ions, consistent with the previous DFT calculatiéh’ The
lonization removes the Cu 4s-based electron from the highestratio of the bond energies of the ionized species to the neutral
occupied molecular orbital of the neutral complex. The removal species is about five for the monodentate conformers, whereas
of the Cu 4s electron reduces the electron repulsion with the this ratio is seven for the bidentate conformer. The larger binding
nitrogen electron lone pair and creates additional electrostaticenergy of the cyclic structure of the ion leads to the lower
interaction between Cuand en. As a result, the copper ionization energy of the cyclic structure. In addition to the
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: 12 TABLE 3: Adiabatic lonization Energies (AIE) of
Eﬂ,—‘ 287" Copper—Amine Complexes from ZEKE Spectra
3l
0;'?31; 32 ? molecules AIE (cm?) refs

(a) Expt. Cu—NHs 46485 (5) 45

i i Cu—NH2(CHy) 45511 (5) 42

Cu—NH(CHs), 44916 (5) 42

a Cu—N(CHa)s 44730 (5) 44

@ Cu—(NHa), 29532 (5) 46
(b) H-bond I S Cu—HaNCHCHNH 43491 (5) this work
Cu—(CHs)HNCH,CH,NH, 36020 (10) this work
Cu—(CHs)2 NCH,CH,NH. 36284 (10) this work

W CU—(CHs)2 NCH,CH,NH(CHs) 36250 (3009 this work
M W Cu—(CHs)2 NCH;CH,N(CHs), 34950 (300) this work
) 9 S .
a From photoionization efficiency measurements.
(d) Ring J . spectrum exhibits a number of hot transitions originating from
))_‘F/ excited vibrational levels of the ground electronic state of the
A ! R

neutral complex. The 80 transition energy of Cuen is

<
comparable to the adiabatic ionization energy (AIE) of simple
2 Cu—amine complexes CuNHy(CHzg)s— (n = 0—3) but much
() Trans l l ‘ ‘ . j"f f: higher than the AIE of Ctt(NHs), (Table 3)#244-46 The Cu-
] NH(CHs)s—n, complexes are formed by single coppeitrogen
1 1

T T coordination, whereas Ct(NHs); is formed by Cu binding to

43600 44000 44400 44800 two nitrogen atom4® Thus, the 6-0 transition energy of Cu
Wavenumber (cm™) en likely corresponds to the AIE from the monodentate neutral
Figure 4. Experimental ZEKE spectrum of Giethylenediamine and ~ Complex to the monodentate ion. Among the measured vibra-
simulations of four Cu-ethylenediamine isomers {t). tional intervals, the 474 cmt spacing can be assigned to the

h . tallicand ; dth hemistry. | Cut—N stretch of Cd—en, because it is comparable to the
changes in metailigand geomelry and thermochemistry, 10n- o, stretching frequencies of Cu-NH3 (470 cntl),%

ization causes further changes in the ligand geometry. For g\ ey (461 cn?),*2and Cu—NH(CHa), (482 cnt?).

example, the hydrogen-bond distances in H-bond.l and |l are 4 Assignments for other transitions are discussed below in

reduced by as much as 10%. Moreover, the negative charge of S : . :
. i~ combination with spectral simulations.

the hydrogen-bonded nitrogen atom and the positive charge of ~~ _ . )

the hydrogen-bonded hydrogen atom are slightly increased from Figure 4t_re shows the spectral S|muIaF|ons ef H-bond 1,

the neutral complex-0.53, 0.30) to the ion0.57, 0.33), H-bond 11, ring, and trans isomers. These simulations represent

which suggests that the hydrogen bonding may be enhancedhe Vibronic transitions from the doublet ground electronic state
upon ionization of the neutral molecule to the singlet ground electronic state of

3.1.3. Isomers of Cumeen, —dmen, —tren, and —tmen. the ion. The theoretical-00 transition energies are shifted to

Similar to Cu-en, the copper complexes of the methyl- the experimental value for simplicity, but the calculated

substituted derivatives possess low-energy structures in thevibrational frequencies are not scaled in these simulations.

monodentate and bidentate binding modes (Table 2). Both Electronic t_ransitions from one isomer of '_[he neutral complex
H-bond | and Il of C4-meen and-dmen and H-bond | of Cu to another isomer of the ion are not considered, because such

tren contain an internal N+N hydrogen bond, whereas H-bond tr_ansitions would have a I_op_g FC prc_)file due to large geometry
Il of Cu—tren and the only hydrogen-bonded structure of-Cu differences between the mmel and final states. The simulation
tmen have an internal GHN hydrogen bond. The structures of H-bond | (F!gure 4b) is in nice agreement with the measured
containing the CH-N bond are not stable upon ionization and SPectrum, while others are very different. Thus, the observed
convert to the bidentate cyclic structures in the ions—-@ieen spectrum is attributed to H-bond |, and no S|_gn|f|cant _cor_1tr|bl_J-
and—tren have two trans monodentate structures (trans-L angtions are from other isomers. The experimental finding is

tran-S), because the monomethyl- and trimethyl-substituted consistent with the MP2 prediction that the H-bond | isomer
ligands have asymmetric amine groups. All of the methyl- has the lowest energy for the neutral complex. Other low-energy

substituted complexes form a bidentate cyclic structure, which 1S0mers might be formed in the molecular beams, but searches

becomes more stable with increasing methy! substitutions. As ©f PFI-ZEKE signals around their predicted AIEs were not

a result, the bidentate structures of the neutra-@en and ~ successful.

—tmen complexes have lower energies than the hydrogen- The experimental spectrum can be assigned in comparison

bonded monodentate structures. The increased stability of thewith the simulation of the H-bond I isomer. Major progressions

bidentate versus hydrogen-bonded structures is due to theinvolving the excitation of single vibrational mode (e.g.g21

weakening of the internal hydrogen bond and the strengthening2&), 30, 31, 32, 33) are labeled in Figure 4a, more detailed

of the metal coordination with methyl substitutions. Similar assignments are listed in Table 4, and vibrational frequencies

methyl effects have been reported for hydroxyl-containing obtained from the spectrum are summarized in Table 5. Six

dimers? and metat-amine complexe®-42 vibrational modes have been measured for the ion and three
3.2. Spectroscopy3.2.1. ZEKE Spectra of Cten Figure for the neutral complex. The ion modes include-® (v2;),

4a shows the experimental ZEKE spectrum of@n seeded Cu™—N (v2g"), and H-bond stretches4;™), NH, rock (3¢,

in an argon carrier g&$.The spectrum displays a strong-0 Cu"—N—C bend ¢3,"), and Cd—N—C—C torsion {33"). The

transition peak at 43 491(5) crhwith the full width at half- neutral modes include H-bond stretchs;), Cu—N—C bend

maximum height (fwhm) of-5 cn11, and vibrational intervals (v32), and Cu-N—C—C torsion {33). Among these measured

of 1013, 474, 296, 214, 141, and 47 cmAdditionally, the vibrational modes, the coppenitrogen and hydrogen-bond
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TABLE 4: ZEKE Peak Wavenumber and Assignment of the Cu—Diamine Complexes

Cu—en Cu-meen Cu-dimeen
positions assignments positions assignments positions assignments positions assignments
43259 3123@ 44027 31(1)32(2)3% 36022 03 36284 08
43336 3233 44048 30531,33; 36224 40} 36428 505
43456 3P 44061 2813331232} 36426 400 36483 4
43491 oO 44073 3133 333 36472 3814035, 36559 4 502
43511 321 44107 28132, 36596 384042 36682 49,
43538 44132 31(3) 36628 403 36764 4 493502
43587 44146 30(1)31332(1) 36676 383403/35(1)405 36881 4
43632 32(1) 44178 28331(1, 36796 32%4034@ 36977 483493502
43648 3@ 44219 283 1333 36830 4 37025 4%503
43678 32&3% 44247 2813 36875 3 403/ 35(1)40337079 4@
43705 31(1) 44258 23330(1) 37031 403 37151 41(1)493
43752 3 13§ 44291 2§32§3§ 37079 3 4%353403 37219 4%503
43762 323 44319 313 37126 4024 37276 4
43771 3% 44389 281315 37231 a6 37347 41(1)4@
43787 30(1) 44436 28(2, 37277 38(1)408/ 35%40337418 4@50&
43816 3233 44470 28130131} 37326 400428 37468 4
43836 30133} 44481 33(1) 37432 40, 37548 41049
43847 31332, 44504 37478 38403540 37596 25,8
43891 3133}3233% 44575 2833% 37665 493
43919 315 44603 28(1,3 37739 41(1)493
43965 28 44647 283310 37866 49
44010 2833 44685 28130312 37941 41049

37999 138

a Tentative assignments; see the text.

TABLE 5: Adiabatic lonization Energies (AIE, eV) and Vibrational Frequencies (cm™?) of Cu—Diamine Complexes from
ZEKE Measurements and MP2/6-313%G(d,p) Calculations

complexes vibrational description ZEKE MP2
Cu—en AIE 43491(5) 40600
N—C stretch vort 1013 1062
Cu—N stretch (with N displacement) Vog" 474 473
NH, rock V30" 296 318
H-bond stretch Va1 vay 214/197 223/197
Cu—N—C bend 1/32+/V32 141/121 150/133
Cu—N—C—C torsion V33t lvas 47/35 57/62
Cu—meen AIE 36022(10) 32665
Cu—N stretch (with N displacement) vast 449 471
NCCNC twist Vag" 248 259
Cu—N stretch (with Cu displacement) Vaot 201 213
NCCNC twist ‘V42+/1/42 95/80 109/79
Cu—dmen AIE 36284(10) 32590
NH; scissor vish 1646 1644
CH, rock Vo5 1312 1334
Cu—N stretch (with N displacement) vart 469 494
N—Cu—N bend Vag" 209 212
Cu—N stretch (with Cu displacement) Vag" 199 207
N—(CH3)2 rock V50+/V50 144/123 160/119
Cu—tren IE 36250(300) 32260
Cu—tmen IE 34950(3006) 32180

aFrom photoionization efficiency measurements.

vibrations are of the most importance, because they provide Mulliken charges on nitrogen are calculated to+#43,—0.53,
and—0.57 in the free ligand, the neutral molecule, and the ion,
respectively; whereas the corresponding charges on hydrogen

direct evidence about the metdigand binding and molecular
structures. The CuN stretching frequency increases from the

neutral complex (353 cmt, MP2) to the ion (474 cmt), as

ionization enhances the metdigand binding. It is interesting
to note that the monodentate Cuen ion has a very similar

Cu"—N stretching frequency as [Cu(ed"SO2~ (485 cnT?)

in the condensed pha4eThe hydrogen-bond stretching fre-
quency of the Cten complex increases from the free ligand

(193 cnl, MP2) through the neutral molecule (197 chto
the ion (214 cm?). This is because the partial charges become meen is observed at a much lower energy (36 022%nan
more negative on the hydrogen-bonded nitrogen and morethat of Cu-en (43 491 cm?). The AIE shift (7469 cm?) from
positive on the hydrogen-bonded hydrogen, and the increase ofCu—en to Cu-meen is many times larger than that from-€u
the charge difference enhances the hydrogen bonding. TheNH3to Cu—NH,CHz (974 cntl) (Table 3), a sign of the Cu

are 0.27, 0.30, and 0.33.
3.2.2. ZEKE Spectra of Cumeen.A representative ZEKE
spectrum of Ctrmeen seeded in He carrier is shown in Figure
5a. Measurements with Ar carrier were not successful. In
comparison to the parent diamine complex discussed above, the
spectrum of the monomethyl-substituted species exhibits a
number of distinctive features. First, the-0 transition of Cu-
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Figure 5. Experimental ZEKE spectrum of CyN-methylethylene- Wavenumber (em™)
diamine) (a) and simulations of five G{N-methylethylenediamine)

Figure 6. Experimental ZEKE spectrum of GyN,N-dimethylethyl-
enediamine) (a) and simulations of five €(N,N-dimethylethylene-
en and—meen complexes may have different binding modes. diamine) isomers (bf).
Second, the spectrum of Emeen displays a major vibrational
progression (201 cm) with a relatively long FC profile,
indicating a considerable change of the geometry from the initial
ngutral state to the fi'nal iop state. Third, the-ueen spectrum rium position. The assignment for each ZEKE transition is
displays a broader line width (16 cif) than Cu-en and other summarized in Table 4.
(_Zu co_mplgxes investigated in our I_aboraté%ﬁf““ﬁ The large 3.2.3. ZEKE Spectra of Cutdmen.The dimethyl-substituted
line width is due to unresolvgql rotational gnve]opes and Ioerhaloscomplex exhibits a similar spectral profile as the monomethyl
unresolved sequegce transitions from vibrationally hot neutral species (Figure 6a). The spectrum begins at 36 248 @nd
mol_ecules as weff : . ) . extends with a long vibrational progression of 199-émit
Figure 5b-f presents the smulatlons of five structurgl ISOMers ¢ o\vs two more progressions formed by the combination of
of the Cu—meen complex. It is clear that only the simulation the 199 cm? spacing with the 469 and 144 chintervals,
from _the bidentate ring structure (Flgure 5b) matches the respectively, and a few hot transitions. By comparing the
experimental spectrum. From the experimental spectrum alone'measured spectrum with the simulations in Figure-Btthe

it is not straightforward to determine whether the first peak at ~ . ymen complex is identified to be a bidentate cyclic structure
36 022 cnt? originates from the 80 transition. However, the igure 6b). The 199 cnit progression, labeled 4n Figure

compar_lson between the measured spectrum and the S|mul_a_lt|orga is assigned to the transitions from the neutral ground state
of the ring structure suggests that this lowest-energy transmonto various Cd—N stretching levels of the ion state. The"GtN
Itf) 'Phdeeg?;h?\lbsi:‘:tg'%m )T r\];hi?:e} E?Tg%r.isfgigfffgmﬂid stretching motion of49™ is characterized by the displacement
40 P of the Cu atom and has almost the same frequency as the
e_quml_)rlum geometry. '_I'he Ior_lg FC p_roflle observed for this corresponding stretching mode of Cumeen {457, 201 cnT?).
X)b ratlc;]nal progr%ssmn IS cfonsstr(]e ntwith allarge cZanigEIS The 469 cm! interval corresponds to the excitation of another
in the Cu—N distance from the neutral ground electronic . . .
L Cu'—N stretching with the displacement of the N ato

state (2.19/2.16 A) to the ionic ground state (2.01/2.01 A). Two and is similar to gtjhe corresporrl)ding CoN stretching 0?2;(2
vibrational intervals are assigned to the fundamental excitations N 1 " 1

. i 1 + en (s, 474 cnl) and Cu-meen {351, 449 cn1l). The 144
of two NCCNC twists (248 c for vs" and 95 cm for va,). cm tinterval is identified as the excitation of a N(@krocking
These wo mte_rvals combined with th_e major progress_m{h 40 mode {5¢") in the ion. The three hot band transitions at 36 559,
form progressions %gda and 4(24%%_ (Figure 5a). The signal 36 764, and 36 977 cm (Figure 6a) are assigned to 05912
for the first few low-energy transitions of 80} and 442; 48495F, and 484950, respect|ve|y, which yields vibra-
was too small to be observed, and their expected positions aretlonal frequencies of 209 cr for vagt and 123 cm for vsp.
marked with dotted lines in Figure 5a. Since the sum of the vag* is a N-Cut—N bending mode in the ion, anek is the

1 1 !

c_alculatedugg (259 en?) andvae" £213 cnT) frlequerlaeis N(CH3)2 rocking mode in the neutral complex. Two additional
virtually the same as that ofss™ (471 cn), 3540, transitions at 37 596 and 37 999 ch{Table 4) may be assigned
transitions ovgrlap wnh;.{&da. FroﬁT the FC factgr calcula- o the excitations of a CHrocking mode f2s*) and a NH
tions, the relative intensity of 380 versus 3§40} is ~20% scissoring moders*) in the ion, respectively. The measured
for n = 2 and increased te’50% forn = 5. Therefore, the 35 CH, rocking and NH scissoring frequencies are 1312 and 1646
40871 transitions may also contribute to the observed ZEKE cm™?, in good agreement with the calculated values of 1334

isomers (b-f).

spectrum. This assignment yields the experimentat fre-
guency of 449 cm!. Thevss™ mode is identified as a Cu-N
stretch, where the nitrogen atom is displaced from the equilib-
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for Cu—meen and-dmen. Table 5 summarizes the AIEs and
(b) () vibrational frequencies of the observed isomers of th(_e Cu
complexes from the ZEKE spectra and MP2 calculations.
Overall, the calculated frequencies for vibrational modes of
larger than about 200 cm are in good agreement with the
experimental values. However, the ab initio results for lower-
frequency modes are mixed, with relative errors ranging from
—3% for the N-(CHg), rocking mode of Cu-dmen to 77%
for the Cu-N—C—C torsion of Cu-en. For ionization energies,
the calculated values are uniformly lower than the measured
values by 30064000 cnt? (36—48 kJ moi). Therefore, the
experimental measurements of ionization energies and low-
frequency modes are especially valuable, as the theory is still
not able to do a good job. More expensive methods and basis
f sets may be used to improve the theoretical results, but this is

= beyond the current work.
35000 35500 36000 36500 4. Conculsions
-1 . i
Wavenumber (cm ) We report a spectroscopic and ab initio study of the copper
Figure 7. Photoionization efficiency spectra of €(N,N,N'-trimeth- complexes of ethylenediamine and methyl-substituted deriva-
ylethylenediamine) (a) anet(N,N,N',N'-tetramethylethylenediamine)  tives. ZEKE spectra are obtained for the Cu complexes with
(b). ethylenediamineN-methylethylenediamine, and,N-dimeth-

ylethylenediamine; and PIE spectra are measured for the Cu
complexes ofN,N,N'-trimethylethylenediamine ard,N,N',N'-
tetramethylethylenediamine. A number of low-energy structures
are predicted for each of the Cu complexes by the MP2
calculation. These structures involve the bidentate Cu binding
to two nitrogen atoms and the monodentate Cu binding to single
nitrogen with or without an internal hydrogen bond. The parent
diamine complex is identified in a structure with monodentate
Cu coordination and an internal hydrogen bond. In contrast, all
methyl-substituted derivatives are determined to be in a cyclic
cm-L. An extrapolation of the most steeply rising ion signal to structure with bidentate Cu binding._The binding modes of these
the baseline of the spectrum gives ionization energies of 36 250_cpmplexes result from the competition betwegn the Cu coor-
(300) cn1t for Cu—tren and 34 950(300) cr for Cu—tmen. d!nat_lon af‘d hydrogen b_ono_llng. W't.h unsubstituted ethy'ef‘e'
These values have been correctedH/10 cnT?, the energy diamine, single Cu coordination plus internal hydrogen bonding

hift he electric field (320 \/ . : is preferred over.double Cu cpor_dinqtion. For all the methyl
tshéﬁ gcéuc;%igt{; eTiSCtsrilgnISI dbieglof/)v tﬁ? ggﬁ%gégc%gi‘ggﬁon derivatives, the bidentate Cu binding is more stable. However,

threshold may be due to ionization of thermally excited 2l 10NiC complexes are more stable with the bidentate Cu
molecules. There appears to be a second signal onsetaa ~~ >Nding-

cm~! (above the first onset) in the trimethyl-substituted species
and~200 cnt!in the tetramethyl derivative. The second onset

and 1644 cm?, respectively. However, because the FC factors
of these two excitations are calculated to be small, their
assignments are considered to be tentative.

3.2.4. Photoionization Efficiency Spectra of -@wen and
—tmen.The ZEKE measurements on the trimethyl- and tetra-
methyl-substituted complexes were not successful. However,
PIE measurements yielded approximate ionization energies for
these two complexes. Figure 7 presents the PIE spectra-ef Cu
tren (a) and-tmen (b), with the Cti—tren signal beginning at
~36 100 cm! and the Cd—tmen signal starting at-34 800
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