
Supported by

A Journal of

Accepted Article

Title: DFT-Supported Threshold Ionization Study of Chromium
Biphenyl Complexes: Unveiling the Mechanisms of Substituent
Influence on Redox Properties of Sandwich Compounds

Authors: Sergey Ketkov, Sheng-Yuan Tzeng, Pei-Ying Wu, Gennady
Markin, and Wen-Bih Tzeng

This manuscript has been accepted after peer review and appears as an
Accepted Article online prior to editing, proofing, and formal publication
of the final Version of Record (VoR). This work is currently citable by
using the Digital Object Identifier (DOI) given below. The VoR will be
published online in Early View as soon as possible and may be different
to this Accepted Article as a result of editing. Readers should obtain
the VoR from the journal website shown below when it is published
to ensure accuracy of information. The authors are responsible for the
content of this Accepted Article.

To be cited as: Chem. Eur. J. 10.1002/chem.201702226

Link to VoR: http://dx.doi.org/10.1002/chem.201702226



 FULL PAPER          

1 

 

DFT-Supported Threshold Ionization Study of Chromium 

Biphenyl Complexes: Unveiling the Mechanisms of Substituent 

Influence on Redox Properties of Sandwich Compounds 

Sergey Yu. Ketkov*[a], Sheng-Yuan Tzeng [b], Pei-Ying Wu [b], Gennady V. Markin[a], and Wen-Bih 
Tzeng*[b]  

This paper is dedicated to Professor Gleb Abakumov on the occasion of his 80th birthday

Abstract: High-resolution mass-analyzed threshold ionization 

(MATI) spectra of (
6
-Ph2)2Cr and (

6
-Ph2)(

6
-PhMe)Cr demonstrate 

that the Ph groups work as electron donors decreasing the ionization 

energy of the gas-phase bisarene complexes. In contrast to 

electrochemical data, a close similarity of the Ph and Me group 

effects on the oxidation of free sandwich molecules has been 

revealed. However, DFT calculations testify for the opposite shifts of 

the electron density caused by the Me and Ph substituents in the 

neutral complexes, the latter behaving as an electron accepting 

fragment. On contrary, in the bisarene cations the Ph group 

becomes a stronger donor than methyl. This change provides the 

similar substituent effects observed with the MATI experiment. On 

the other hand, the well-documented opposite influence of the Me 

and Ph fragments on the redox potential of the (
6
-Arene)2Cr

+/0
 

couple in solution appears to be a result of solvation effects but not 

intramolecular interactions as shown for the first time in this work. 

Introduction 

Next year chemists will celebrate a centenary of chromium 

biphenyl compounds. Synthesized firstly in 1918 by F. Hein,[1] 

they have been being considered for a long time as metal phenyl 

-complexes. Only after the synthesis of ( 6-C6H6)2Cr (1) by E.O. 

Fischer and W. Hafner in 1955[2] and successful employment of 

the Fischer method to prepare[3] ( 6-Ph2)2Cr (2) the idea of 

ferrocene-like sandwich structures of the “Hein’s polyaromatic 

chromium compounds” has been accepted.[4] Since then, metal 

arene complexes, similar to metallocenes, have played key roles 

in various fields of fundamental and applied chemistry. During 

last decades considerable interest has been focused on these 

compounds because of their relevance for studies of metal-

ligand bonding,[5] organic synthesis,[6] electrochemistry,[7] 

catalysis,[8] metal-containing polymers,[9] biomedicine[10] and 

nanoelectronics.[11] The redox properties of sandwich complexes 

appeared to be of crucial importance for their chemical and 

biochemical reactivities.[12] The one-electron oxidation of neutral 

bis( 6-arene)chromium in solution leads to the formation of a 

stable sandwich cation. For the complex bearing a phenyl group 

in each ring, the 2+/0 electrode potential E1/2 was found to be 

nearly solvent independent so this couple was recommended by 

IUPAC as a reference redox system for non-aqueous 

solutions.[7,13] However, despite of numerous studies of the 

solution-phase oxidation of neutral 2, to the best of our 

knowledge, so far there have been no works on the ionization of 

this key sandwich molecule in the gas phase.  

New intriguing insights into the electronic structures of 

sandwich compounds can be provided by the zero kinetic 

energy (ZEKE) and mass-analysed threshold ionization (MATI) 

techniques based on laser excitation of jet-cooled molecules to 

high Rydberg levels (ZEKE states).[14] Extremely accurate 

ionization energies I of 1, alkylated bisarene systems and 

metallocenes have recently been measured with these 

methods.[15] The data obtained form a basis for analysis of fine 

substituent effects in free sandwich molecules. 

 Here we exploit high resolution MATI spectroscopy 

supported by DFT calculations to determine the ionization 

energy of 2 and to reveal the intrinsic influence of the phenyl 

substituents on the electronic structure of bis( 6-

arene)chromium. In contrast to the electrochemical studies of 

( 6-Arene)2Cr in solution describing the Ph group as an electron 

withdrawing substituent,[16] our gas-phase experiments 

demonstrate that the ring phenylation results in a decrease in 

the I value of 1. MATI spectra of 2 and ( 6-Ph2)(
6-PhMe)Cr (3) 

reveal a close similarity in the Ph and Me substituent influence 

on the ionization energy of bis( 6-arene)chromium. DFT 

calculations of gas-phase 2 and 3 confirm this similarity. On 

contrary, in the solution phase, the different solvation energies 

lead to the opposite ionization energy changes for the 

complexes bearing Ph and Me groups. The experimentally 

observed anodic shift of the ( 6-Arene)2Cr+/0 half-wave potential 

on phenylation of the rings[16] appears to be, therefore, a result 

of solvation effects rather than that of the intramolecular 

substituent influence. 

Results and Discussion 

The photoionization mass spectrum of 2 (Figure 1a) reveals 

a clearly defined molecular ion peak at m/z 360 and a weak 

(Ph2)Cr+ daughter ion signal at m/z 206. On going to the 3 mass 

spectrum (Figure 1b) the relative intensity of the (Ph2)Cr+ peak 

increases substantially. This change arises from the difference 

in the dissociation energies of sandwich as will be shown below. 
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The photoionization efficiency (PIE) curve and MATI 

spectrum of 2 are given in Figure 2a,b. The MATI signal reveals 

one strong peak providing the I value of 5.308(2) eV which is 

0.158 eV lower than that of unsubstituted 1. Taking into account 

the positive shift of reduction potential E1/2  on going from the 1+/0 

to 2+/0 couple[16] and linear correlations between the I and E1/2 

values,[17] such a result seems to be rather surprising. One 

would expect a lower ionization energy for 1 which is oxidized in 

solution easier than phenylated complex 2. Such a prediction 

perfectly works for alkyl substituents in ( 6-Arene)2Cr. Both I and 

E1/2 decrease on going from 1 to the alkylated complexes.[16, 17] 

 

Figure 1. Photoionization mass spectra of 2 (a) and 3 (b) measured at the 

laser wavenumber of 43500 cm
-1

. 

The ionization energy of jet-cooled 2 is close to the ( 6-

PhMe)2Cr (4) I value  (5.2999-5.3077 eV).[15g,h] However, in 

contrast to the 4 MATI spectrum showing two intense narrow  

origins (full width at half maximum, FWHM, 20-40 cm-1), which 

correspond to different rotational isomers, the spectrum of 2 

reveals only one rather broad peak (FWHM 190 cm-1). To 

rationalize this difference we optimized geometries and 

calculated energies of the 2 stable isomers. In addition to the 

analogues of 4, which can be obtained by the ligand rotation 

around the Cr-ring axis, there are also low-energy 2 isomers 

formed by the substituent rotation around the C-C bond. This 

results in 8 stable rotamers of complex 2 (Figure 3) with the 

biphenyl dihedral angles of 30º - 35º. In addition, there are 8 

enantiomers energetically equivalent to their counterparts 

(Figure S1, see Supporting Information).  The calculated I values 

lie within a 100 cm-1 range (Figure 3) so the corresponding MATI 

signals overlap forming the broad peak observed (Figure 2b). 

On going from 2 to 3 the number of rotational isomers decreases 

(Figure 3) and their calculated I value range becomes smaller 

(ca. 50 cm-1). Accordingly, the experimental MATI spectrum of 3 

reveals a narrower peak (FWHM 110 cm-1) providing I = 5.303(2) 

eV (Figure 2c). The origins corresponding to each 3 isomer as 

well as the MATI vibronic structure are still unresolved in the 

spectrum measured at m/z = 298 (the 3+ parent ion).  

Surprisingly, a better resolution was achieved when 

recording the MATI signal at m/z = 206 (Figure 2d). The 

corresponding fragment ions, ( 6-Ph2)Cr+, are produced by 

ionization of the ( 6-Ph2)Cr0 neutrals populating the high 

Rydberg level manifold. These neutral species are formed as a 

result of the 3* photodissociation (* denotes the ZEKE-state 

species): 

( 6-Ph2)(
6-PhMe)Cr*  ( 6-Ph2)Cr* + PhMe, E1       (1) 

 

Figure 2. The PIE curve of 2 (a) and MATI spectra of 2 (b) and 3 (c, d). The 3 

MATI signals were measured at m/z=298 (c) and m/z=206 (d). 

Such a mechanism provides the MATI spectrum measured 

on the fragment mass to coincide with that of the parent 

molecule.  It might look quite unusual that absorption of an 

additional UV photon leads to dissociation of a ZEKE-state 

molecule instead of ionization since the electron detachment 

requires much less energy. However, the high Rydberg states  

probed by the pulsed-field ionization (the principal quantum 

numbers n > 200 which correspond to the Bohr orbit radii r > 2 

m)[18] are decoupled from the ionic core[19] so the Rydberg 

electron is not perturbed by the ion-core internal dynamics. 

Accordingly, the core behavior of a ZEKE-state neutral 

corresponds to that of the free cation.  That is why the core 

dissociation of 3* occurs with no significant influence on the 

Rydberg electron which follows the ( 6-Ph2)Cr+ daughter ion 

forming the ( 6-Ph2)Cr* ZEKE-state neutral. The 3* dissociation 

energy E1 (eq. 1) corresponds, therefore, to the ( 6-Ph2)Cr+—

( 6-PhMe) bond cleavage ( E2, eq. 2). Despite numerous 

observations of fragment ion MATI signals for weak van der 

Waals complexes,[20, 21] compound 3 provides, to the best of our 

knowledge, the first example of an organometallic MATI 

spectrum measured on the daughter ion mass. Interestingly, no  

( 6-PhMe)Cr+ ion signals are observed in the 3 photoionization 

mass spectrum which is indicative of the stronger ( 6-Ph2)—

Cr( 6-PhMe)+ bond or/and less stable ( 6-PhMe)Cr* ZEKE 

states. 
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Figure 3. Stable neutral 2 (top) and 3 (bottom) rotational isomers and their 

calculated B3PW91/6-311++G(d,p) relative energies Erel. (cm
-1

) and ionization 

potentials I (cm
-1

). The isomer notations correspond to the angles between the 

Cring-Csubstituent bonds in the ligands (0
o
, 60

o
, 120

o
 or 180

o
). 

 To provide a more detailed insight into the 3* decomposition  

pathways we calculated the 3+ dissociation energies E2 and 

E3 corresponding, respectively, to (eq. 2) and (eq. 3) at two 

levels of theory. The high- and low-spin organometallic 

fragments formed were taken into consideration. For comparison 

the E values were also computed for 1+.  The ground-state 

electronic configuration of 1+ is …(e2)
4(a1)

1 (2A1) doublet[22] (the 

C6v point group notations are used for 1+ and the ( 6-PhH)Cr+ 

fragment). On the other hand, the ground state of the ( 6-

PhH)Cr+ ion corresponds to the …(e2)
2(a1)

1(e1)
2 (6A1) sextet,[22] 

the doublet energy being 0.96 eV higher.[22d] Accordingly, the 

lower-energy dissociation process in 1+ is accompanied by the 

change of the system multiplicity.         

( 6-Ph2)(
6-PhMe)Cr+  ( 6-Ph2)Cr+ + PhMe, E2       (2) 

( 6-Ph2)(
6-PhMe)Cr+  ( 6-PhMe)Cr+ + Ph2, E3       (3) 

The computed E values depend strongly on the functional 

and basis set used. Those calculated at the B3PW91/6-

311++G(d,p) and BPW91/DGDZVP levels of theory are given in 

Table 1. The computation employing the B3PW91 hybrid 

functional and extended 6-311++G(d,p) basis set 

underestimates the ( 6-PhH)—Cr( 6-PhH)+ dissociation energy 

(the experimental value[23] is   242 15 kJ mol-1). The lower 

BPW91/DGDZVP level of theory appears to provide a much 

better agreement with the experiment (Table 1) which is 

obviously a consequence of compensated errors. Despite this 

discrepancy, both DFT calculations reveal similar trends for the 

3+ dissociation. For the processes leading to the fragment ions in 

the sextet states, the PhMe detachment requires slightly (4-6 kJ 

mol-1) lower energy than the ( 6-Ph2)—Cr( 6-PhMe)+ bond 

cleavage.  However, on going to the reactions proceeding on the 

doublet potential energy surface (PES) the ( E3 - E2) difference 

increases dramatically, to 18-33 kJ mol-1 (Table 1) providing the 

PhMe removal to become much more favourable. The 

wavenumber of the additional photon absorbed by the 

dissociating 3* ZEKE species lie in the 42500-43000 cm-1 range 

of the MATI signal (Figure 2c) which corresponds to the energy 

of 508 - 514 kJ mol-1. These values exceed substantially the 

energy required for the 3+ dissociation on the doublet PES 

(Table 1).  Our DFT calculations confirm, therefore, that 

photodissociation of the 3* ZEKE species results in the 

preferable formation of the ( 6-Ph2)Cr* fragments producing the 

( 6-Ph2)Cr+ ions observed in the 3 photoionization mass 

spectrum (Figure 1b). 

 

Table 1. Calculated 3
+ 

gas-phase dissociation energies (kJ mol
-1

), E2 

and E3 (eqs. 2 and 3, respectively), corresponding to the (
6
-Ph2)Cr

+
 and 

(
6
-PhMe)Cr

+
 fragment ions in the sextet and doublet electronic states. 

For comparison the computed energies of the 1
+
 dissociation to (

6
-

PhH)Cr
+
 and PhH are presented. 

Ion Level of theory Fragment ion 

state 

E2 E3 

3
+
 B3PW91/6-

311++G(d,p) 

Sextet  153.7 157.3 

1
+
 B3PW91/6-

311++G(d,p) 

Sextet 154.5 154.5 

3
+
 B3PW91/6-

311++G(d,p) 

Doublet 327.9 360.8 

1
+
 B3PW91/6-

311++G(d,p) 

Doublet 355.0 355.0 

3
+
 BPW91/ 

DGDZVP 

Sextet 263.2 268.9 

1
+
 BPW91/ 

DGDZVP 

Sextet 265.4 265.4 

3
+
 BPW91/ 

DGDZVP 

Doublet  367.4 385.4 

1
+
 BPW91/ 

DGDZVP 

Doublet 379.0 379.0 

 

 

Apparently, the 3* isomers contribute differently to the 

production of the ( 6-Ph2)Cr+ fragments, the larger number of 

ions arising from the species with lower E1 (or E2) values. As 

a result, the MATI signal based on the fragment ions (Figure 1d) 

differs from that recorded on the parent ion (Figure 1c) by 

smaller contribution from the more stable 3* isomers. This leads 

to the narrower MATI 00
0 peak observed (FWHM 60 cm-1) and to 

the appearance of two resolved vibronic components separated 

by 180 and 280 cm-1 from the origin. Since the 3 MATI spectrum 

10.1002/chem.201702226Chemistry - A European Journal
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measured on the daughter ion mass corresponds to that of the 

parent molecule, the vibronic features observed arise from the 

excitation of the 3+ ionic vibrational levels. The relative energies 

of the 3* ZEKE-state isomers coincide with those of the 3+ ions. 

The highest calculated Erel. value belongs to the 3_0+ and 

3_60_1+ species (Table S1, see Supporting Information). The 

contribution from these rotamers dominates, therefore, in the 

detected MATI signal (Figure 1d). The calculated ionization 

energies of 3_0 and 3_60_1 are lower than that of the most 

stable 3_60_2 isomer (Figure 2). Accordingly, the experimental I 

value decreases from 5.303 (2) to 5.298(1) eV on going from the 

parent-ion to the daughter-ion spectrum. The vibronic 

components separated by 180 and 280 cm-1 from the 00
0 peak 

can be assigned to the 3_0+ and 3_60_1+ skeletal vibrations 1 

(calculated frequencies 185 and 201 cm-1, respectively) and 2 

(calculated frequencies 283 and 274 cm-1, respectively). The 

corresponding atomic displacements are shown in Figure S2 

(See Supporting Information). Similar vibrational modes are 

active in the MATI spectrum of 4.[15g,h] 

Both MATI experiments and DFT calculations demonstrate 

that the effect of two Ph groups on the ionization potential of 1 

resembles that of two Me substituents (Table 2). Comparison 

with the I values[15k] of monosubstituted complexes  ( 6-Ph2)(
6-

PhH)Cr(5) and ( 6-PhMe)( 6-PhH)Cr(6)  makes it possible to 

estimate the I changes caused by the mutual influence of the Ph 

and Me groups. The 2 ionization energy predicted on the basis 

of the doubled difference between the I values of 1 and 5 (1432 

cm-1) is 42658 cm-1, or 5.289 eV. This energy can be considered 

as that corresponding to the "pure" effect of two Ph groups. The 

experimental ionization energy of 2 is somewhat higher (5.308 

eV, Table 2), the difference arising from the Ph-Ph interaction. In 

contrast to the methyl substituents in 4[15k,l] the mutual influence 

of two phenyl groups in 2 can't be studied in details because of 

the broad and structureless MATI peak (Figure 2b). The 

narrower MATI signal of 3 (Figure 2d) corresponds to the Me-Ph 

effect of 0.64 kJ mol-1 which is very close to that in 4 (Figure 4).  

The dimethylated complex 4 reveals actually two types of the 

Me-Me interaction.[15k] The Type 1 effect shown by the 60°, 120° 

and 180° rotamers arises from the changes in the electronic 

structure of complex 1 on introduction of one electron-donating 

Me group. These changes prevent the second Me substituent to 

shift the electron density and to decrease I. The contribution of 

the Type 1 effect to the experimental I change is 0.62 kJ mol-1 

(Figure 4). The Type 1 Me-Me influence is present in any 4 

rotamer. In the 0° rotamer of 4 with the cis-conformation of the 

substituents, an additional effect (Type 2 Me-Me influence) 

appears due to the direct interaction between the closely located 

Me groups.[15l]  This effect contributes 0.76 kJ mol-1 to the I 

change (Figure 4). As a result of these effects two origins are 

observed  in the 4 MATI spectrum.[15g,l] In contrast to 4, the 3 

MATI spectrum measured at the daughter ion mass (Figure 2d) 

reveals only one origin. Accordingly, the DFT calculations 

predict no high-energy shift of the 3_0 rotamer I value as 

compared to other 3 rotational isomers (Figure 3).  The Type 2 

Me-Ph influence in 3_0  appears to be, therefore, different from 

the Me-Me interaction in 4_0.  Nevertheless, the experimentally 

observed ionization energy decrease on introduction of two Me 

(complex 4), two Ph (compound 2) or Me and Ph (complex 3) 

groups  is quite similar (Table 2).  

 

Figure 4. The expected (in absence of the mutual substituent influence) and 

experimentally observed ionization energies of (
6
-PhR)(

6
-PhR')Cr (R,R' = 

Me, Ph). For complex 2 (R,R' = Ph), the range of the observed I values 

corresponds to the broad MATI peak (Figure 2b). For compound 3 (R= Ph, R' 

= Me), the experimental ionization energy is determined on the basis of the 

MATI spectrum measured at the (
6
-PhR')Cr

+
 fragment ion mass (Figure 2d). 

The data for 4 (R,R' = Me) were taken from our previous study.
[15k]

 

 

Table 2. Experimental and calculated gas-phase ionization energies I (eV) 

of complexes 1-4
[a]

 and substituent-induced shifts I (eV) together with 

computed ionization free energy changes Gion (kJ mol
-1

) in gas and 

DMSO solution. 

Complex Iexp
gas

 /Icalc
gas

 Iexp
gas

/ 

Icalc
gas

 

Gion
gas

/ 

Gion
DMSO

 

1
0
 5.4661(6)

[b]
/5.420 0/0 0/0 

2
0
 5.308(2)/5.220 -0.159/-0.200 -14.1/8.3 

3
0
 5.303(1)/5.232 -0.156/-0.188 -13.9/1.8 

4
0
 5.2999(6)

[c]
/5.231 -0.167/-0.189 -14.7/-6.2 

[a] The calculated I and I values are given for the 2_120_2, 3_120_2 and 

4_120 isomers of complexes 2-4, respectively. [b] Ref.15a,b. [c] Ref.15e,g . 

 

 

 The MATI spectra demonstrate that the Ph fragment in 

chromium bisarene complexes works as a typical electron donor 

decreasing the I value. However, the calculated changes in MO 

energies and electron density distribution are indicative of the 

electron withdrawing Ph effect in the neutral sandwich molecule.  

The HOMO energy decreases and the substituent AIM[24] charge 

changes from positive to negative  on going from 10 to 20 (Table 

3). The opposite trends caused by the introduction of two donor 

Me groups are clearly seen when comparing the corresponding 

parameters in 10 and 40 (Table 3). As compared to the H atom in 

10 the Ph substituent in 30 withdraws 0.048 e while the Me 

fragment donates only 0.009 e which shows a stronger Ph 

influence on the electron density shift. On contrary, in the ionic 

bisarene species the Ph fragment acts as an electron donor. 

The EHOMO and substituent charge increase when one goes from 

1+ to 2+ (Table 3). Comparison of the ligand charge distributions 

in the mixed 3+ system demonstrates that the Ph group in the 

bisarene ion is a stronger electron donor than the Me substituent. 

10.1002/chem.201702226Chemistry - A European Journal
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The combination of the substituent effects in the neutral and 

ionic bisarene species provides practically equal I values for 2, 

3 and 4 (Table 2). 

ZEKE spectroscopy revealed an I decrease by 0.308 eV on 

phenylation of ( 6-Ph2)Sc.[15m] However, the metal-ligand 

interaction in this molecule is quite different from that in ( 6-

Ph2)2Cr because of the ( 6-Ph2)Sc  clamshell structure so the Ph 

substituent effects in these systems are incomparable. The 

similarity in the Ph and Me fragment influence on the I value of 1 

has recently been observed when studying MATI spectra of 

monosubstituted bisarene complexes.[15k] It was not possible, 

however, to compare the MATI and electrochemical data 

because of too small changes in the experimental E1/2 values 

caused by a single Ph group. The gas-phase I decrease on 

going from 1 to 2 (Table 2) contradicts the electrochemical data 

as mentioned above. To explain this discrepancy we calculated 

solvation free energies Gsolv of the neutral and ionic bisarene 

complexes in DMSO and MeCN at 298 K.  

The Gsolv
DMSO value changes by -24.3 and -0.4 kJ mol-1 on 

going from 10 to 20 and 40, respectively (Table 3).   For the 1+ 

and 2+ ionic species the Gsolv
DMSO difference is substantially 

smaller than that for the neutrals (-1.6 kJ mol-1). The same trend 

is observed for MeCN solution (Table S3, see Supporting 

Information). The large Gsolv values of neutral complex 2 

appear to be the main reason for the change of the ionization 

free energy shift Gion sign on going from the gas to solution 

phase (Table 2).  The DFT calculations predict a solution-phase 

Gsolv increase on phenylation of 1 and a decrease on 

methylation. The changes of the ionization free energy on going 

from 1 to 2 and 4, Gion, are estimated to be -14.1 and -14.7 kJ 

mol-1, respectively, for the gas phase and 8.3 and -6.2 kJ mol-1, 

respectively, for DMSO solution. The latter Gion values 

correspond to the shifts of the 1+/0 reduction potential being 

equal to 0.085 and -0.065 V, respectively. These calculated 

shifts correlate very well with the experimental half-wave 

potential changes E1/2 on going from 1 to 2 (0.101 V) and 4 (-

0.064 V) in DMSO.[16] 

 

Table 3. -HOMO orbital energies EHOMO (eV), substituent AIM
[19]

 charges 

qR (a.u.) and solvation free energies Gsolv
DMSO

 (kJ mol
-1

) for complex 1 

and its disubstituted derivatives 2-4
[a]

 in the neutral/ionic form. 

Complex EHOMO qR  Gsolv
DMSO

 

1
0
/1

+
 -4.37/-10.47 0.0327/0.1281 -31.8/-218.6 

2
0
/2

+
 -4.49/-9.57 -0.0104/0.1383 -56.1/-220.2 

3
0
/3

+
 -4.38/-9.75 -0.0154

[b]
;0.0419

[c]
/ 

0.1422
[b]

;0.1360
[c]

 

-44.4/-214.8 

4
0
/4

+
 -4.26/-10.13 0.0387/0.1384 -32.2/-209.8 

[a] The 2-4 isomers correspond to those in Table 1. [b] R=Ph. [c] R=Me. 

 

 

 

Conclusions 

In conclusion, this work demonstrates that DFT-supported MATI 

spectroscopy provides new insights into the concept of 

substituent effects in bisarene complexes. The I values of 

complexes 2 (5.308(2) eV) and 3 (5.303(2) eV) have been 

determined for the first time. A surprisingly well-resolved MATI 

spectrum arising mainly from the 3_0 and 3_60_1 isomers (I = 

5.298(1) eV) have been obtained on the mass of the ( 6-Ph2)Cr+ 

daughter ion. The high-resolution MATI spectra of 

bis(benzene)chromium phenylated derivatives show that the Ph 

groups decrease the ionization energy of the free sandwich 

molecule similar to the donor Me substituents. DFT calculations 

show, however, that the Ph effect on the electron density 

distribution studied separately for the neutral and ionic species 

differs strongly from that of the Me fragments. A comparatively 

large solvation free energy of neutral 2 appears to be 

responsible for the solution-phase Gion value increase on 

introduction of two Ph group into the 1 molecule. The positive 

shift of the 1+/0 half-wave potential on phenylation of the rings is, 

therefore, a result of solvation effects but not from intramolecular 

interactions. Such a conclusion can be applicable to other types 

of sandwich complexes. For instance, solvation effects can 

contribute to the anomalous behavior of reduction potentials of 

the zirconocene complexes bearing the SiMe3 substituents in the 

rings.[25] Similar to 1 ferrocene also demonstrates a decrease in 

the gas-phase ionization energy but a positive shift of a redox 

potential in solution on phenylation of the rings.[26] A poor 

resolution of traditional photoelectron spectra of ferrocenes[26a] 

made, however, unavailable a detailed quantitative investigation 

of the substituent influence. The DFT-supported MATI 

spectroscopy provides a powerful tool for such studies as 

demonstrated in this work. 

Experimental Section and Computational 
Methods 

Chemicals 

All operations with the air-sensitive chromium complexes were carried 

out under inert atmosphere or in vacuum. Bis(η6-biphenyl)chromium (2) 

was synthesized by reduction of CrCl3 with the Al powder in the presence 

of AlCl3 and biphenyl (the Fischer–Hafner method).[3] To prepare (η6-

biphenyl)(η6-toluene)chromium (3) the biphenyl-toluene 1:1 mixture was 

used in the Fisher-Hafner synthesis. As a result a mixture of symmetric 

(2, 4) and asymmetric (3) bisarene complexes was obtained. More 

volatile complex 4 was mainly removed by a 2-hour heating of the 

sample at 100 oC in vacuum. The residue represented a mixture of 2 and 

3 as indicated by mass spectrometry. The target species were selected 

in the photoionization mass spectra (Figure 1) to measure the MATI 

signals.  

Instrumentation 

The threshold ionization experiments were carried out with the setup 

described elsewhere.[27]  The organometallics were heated to 190-210 °C 

and the sample vapour was seeded into 1.5 bar of helium, expanded into 

the vacuum through a pulsed valve. The supersonic jet was collimated by 

a skimmer to form a molecular beam. Tuneable laser pulses in the 230-

238 nm region were generated by the frequency doubling of the dye laser 

output (Lambda-Physik, Scanmate UV with the BBO-I crystal) pumped by 

a Nd:YAG laser (Quanta-Ray PRO-190-10). The wavelengths of the dye 
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laser were calibrated with a laser wavemeter (Coherent, WaveMaster). A 

pulsed electric field of ~1 V/cm applied about 20 ns after the laser shot 

removed the prompt ions. A second pulse of electric field (+200 V/cm) 

was applied about 10.6 μs later to ionize the high-n Rydberg neutrals. 

The newly formed threshold ions were detected by a microchannel plate 

detector after their separation in the TOF mass spectrometer.  

Gas-phase calculations 

The optimized geometries, vibrational frequencies and free Gibbs 

energies of gas-phase complexes 1 - 4 in the neutral singlet and cationic 

doublet ground states  were calculated using the Gaussian 09 program 

package[28] with the B3PW91 hybrid functional[29] and the triple-  6-

311++G(d,p) basis set including both polarization and diffuse functions.[30] 

This level of theory provided an excellent agreement with the 

experimental MATI data for monosubstituted bisarene complexes.[15k] 

Representative B3PW91/6-311++G(d,p) optimized structures are given in 

Figure S1, and the relative energies of the gas-phase 2 and 3 isomers 

are provided in Table S1 and Table S2, respectively (see Supporting 

Information),.together with the ionization potentials. These parameters 

were calculated using the sums of the electronic energy Eel and zero 

point vibrational energy (ZPVE). The atomic charges were calculated 

within the frames of the Bader's atoms-in-molecule theory[24] on the basis 

of the wavefunctions of optimized molecules with use of the AIMALL 

code.[31] The B3PW91/6-311++G(d,p) calculations appear to 

underestimate the 1+ dissociation energy as mentioned above so to 

estimate the E2 and E3 values (eqs. 2, 3) we carried out also 

calculations of the 1+, 3+, ( 6-PhH)Cr+, ( 6-Ph2)Cr+, ( 6-PhMe)Cr+, PhH, 

PhMe and Ph2 species at the  BPW91/DGDZVP level of theory using the 

generalized gradient approximations (GGA) functional[32] and the  double-

basis set[33] with polarization functions. This combination of the 

functional and basis set is closer to that used previously[22d] for 1+  and 

provides a better agreement with the experimental 1+ dissociation 

energy.[23] However, the improved results obtained at the lower level of 

theory are indicative of compensated errors rather than of the better 

model.[34] Both levels of theory reveal, nevertheless, similar trends for the 

3+ dissociation energies (Table 1).  

Solution-phase calculations 

Solution-phase parameters of complexes 1 - 4 (Table S3, see Supporting 

Information) were computed at the B3PW91/6-311++G(d,p) level of 

theory using the SMD continuum model[35] which is considered to be one 

of the best approaches to computational analysis of salvation effects.[36] 

The geometries of the 1, 2_120_2, 3_120_2 and 4_120 neutrals and ions 

were optimized in the DMSO and MeCN self-consistent reaction fields. 

The continuum solvent models define[37] the solvation free energy as 

ΔGsolv = Esoln + Gnes - E
gas      (4) 

where Esoln and Egas correspond to the electronic energies of the solute in 

solution and gas phase, respectively, and Gnes denotes the sum of 

nonelectrostatic contributions. The differences in the thermal corrections 

to the energy in the two phases are implicitly incorporated into the (Esoln + 

Gnes) term via the parameterisation providing the best agreement with the 

experimental solvation free energies. Then the free energy Gsoln in 

solution is given by eq. 5 since the solvation free energy represents the 

difference between Gsoln and Ggas.  

Gsoln = Esoln + Gnes + ΔGcorr
gas      (5) 

Accordingly, we used the thermal corrections to energy calculated in the 

gas phase, ΔGcorr
gas, to estimate the changes in ionization free energies, 

Gion, on going from 1 to its substituted derivatives both in the gas 

phase and in solution (Table S4, see Supporting Information). An 

alternative approach[38] suggests to use the solution-phase vibrational 

frequencies to calculate the solute's free energy. However, the 1 - 4 

optimized geometries in solution appeared to be similar to those in the 

gas phase. In that case, the vibrational contributions to a solute’s free 

energy are insensitive to the phase where the frequencies are 

computed.[38] The changes in 1+/0 reduction potentials Ered caused by 

the introduction of substituents into the 1 molecule were calculated from 

the solution-phase Gion values (Table S4, see Supporting Information) 

using eq. 6 

Ered = Gion / F       (6) 

where F is the Faraday's constant. The Ered quantity refers to the 

reduction processes  

 ( 6-Arene)2Cr+ + e-  ( 6-Arene)2Cr0   (7) 

while the Gion values describe the reverse oxidation reactions so the 

signs in the left-hand and right-hand sides of eq. 6 are the same.  
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Precise ionization potentials: High-

resolution MATI spectra reveal a 

similar decrease in the ( 6-Arene)2Cr 

gas-phase ionization energy (IE) by 

the  Ph and Me substituents. DFT 

provides, however, quite different 

mechanisms of the substituent 

influence. On the other hand, the 

positive shift of the solution-phase 

redox potential on going from ( 6-

PhH)2Cr+/0 to ( 6-Ph2)2Cr+/0 appears to 

be a result of solvation effects but not 

intramolecular interactions.  
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