


definitive electronic structure description for 1 remains in

flux.

Another method for probing a metal center’s physical

oxidation state is resonant diffraction anomalous fine

structure (DAFS) analysis, which is a high-resolution multi-

wavelength anomalous diffraction (MAD) technique. DAFS

measurements involve conducting single-crystal X-ray dif-

fraction experiments at various energies near the metal K-

edge and observing changes in the diffraction patterns due

to metal X-ray absorption and resulting anomalous diffrac-

tion. The anomalous scattering terms (f’ and f’’) of the

atomic scattering factor (f) are refined against the variable-

energy data based on a structural model derived from

separately collected, high-energy diffraction data. The f’

term tends to undergo a dramatic decrease at the resonant

energy at which a given metal site absorbs X-ray photons.

This f’min energy is, in theory, directly proportional to Zeff,
[51]

which in turn is proportional to “physical oxidation

state”.[52–55] DAFS is typically used to analyze multinuclear

metal complexes because of its unique ability to deconvolute

X-ray absorption profiles of crystallographically unique

metal sites within the same molecule even in homometallic

cases.[54–61] DAFS can also be used to probe the physical

oxidation states of mononuclear metal complexes,[51,62]

although this application is not typically emphasized com-

pared to the more commonly used XAS methods. Given

that independent evaluations of 1 by XAS techniques led

previous authors to contradictory conclusions,[44,49] we hy-

pothesized that DAFS analysis of 1 would provide comple-

mentary data that might lend clarity on its electronic

structure. Here we report DAFS data for 1 and a series of

related Cu�CF3 complexes: (Ph3P)3CuCF3, (phen)-

(PPh3)CuCF3, and (bpy)Cu(CF3)3.
[63] Combining these data

with our previous benchmarking series for Cu K-edge

DAFS,[53] the electronic structure of 1 is re-evaluated. Our

most striking finding is that, although dramatic changes in

DAFS profiles are observed across the series of complexes

examined, these shifts can be attributed solely to the

presence of CF3 ligands without invoking changes in Cu

oxidation state. As such, the experimental data presented

herein provides support for the inverted ligand field

interpretation for 1.

Results and Discussion

We began our investigation by conducting DAFS measure-

ments on single crystals of formally Cu(III) anion 1 as its

PPN+ salt (PPN+
=bis(triphenylphosphine)iminium)[36,37] for

comparison to formally Cu(II) anion [CuCl4]
2� (2) which has

a square-planar (D4h) geometry as its bis(β-alaninium)

salt.[53,64] Importantly, these salts of 1 and 2 share similar

square planar geometries at Cu. The f’ vs. E profiles for

both 1 and 2 show doublet in-edge shapes (Figure 1), which

is typical for four-coordinate Cu(I) and Cu(II) complexes.[53]

(The f’’ vs. E plots for these and all complexes are presented

in Supporting Information.) Interestingly, while the falling-

edge f’ traces of 1 and 2 are nearly indistinguishable, they

diverge drastically in the rising edge region (8990–9006 eV)

before converging at �9007 eV. The rising edge positions

that occur after the complex in-edge features are often used

as probes of oxidation state (i.e., Zeff) in the DAFS

literature.[53–55] Initially, one could attribute the observed

�8-eV blue shift of f’[1] relative to f’[2] at the rising edge to

Figure 1. (left) Experimentally determined energy dependence of the f’ scattering factor for the Cu sites in [Cu(CF3)4][PPN] (1) and [β-
alaninium]2[CuCl4] (2),[53] and (right) crystal structure of 1. Non-hydrogen atoms are shown as thermal ellipsoids (50% probability), and hydrogens
are omitted for clarity.
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a higher copper valency [i.e., Cu(III)] in 1, given the

previously benchmarked 3–5 eV blue shift for oxidation

from Cu(I) to Cu(II).[53] To probe this issue further, a

systematic study of different trifluoromethylcopper com-

plexes and other reference compounds was undertaken.

Both complexes, (Ph3P)3CuCF3 (3)[65] and (Ph3P)3CuCl

(4),[53,66,67] contain C3V-symmetric, formally Cu(I) centers

supported by tris(triphenylphosphine) ligand shells, differing

only by replacement of a single Cl ligand with CF3. Complex

3 crystallized with three molecules in its asymmetric unit,

allowing for the f’ and f’’ parameters to be refined

independently for three different Cu sites. The resulting

plots were practically indistinguishable (Figure S2–S3), and

so data for only one Cu site is presented Figure 2. Also in

Figure 2 is the DAFS data for complex 4 from our previous

literature report.[53] Again, the four-coordinate copper sites

in both 3 and 4 exhibit doublet in-edge features, but with

some notable differences. Complex 3 has an asymmetric in-

edge shape with a local minimum at �8982 eV and a global

minimum at �8992 eV (amplitude-weighted center:

�8988 eV). Conversely, the doublet feature centered at

�8985 eV is symmetric for 4. Thus, the in-edge center

position for 3 is blue shifted by �3 eV compared to that of

4. Additionally, the f’ traces for 3 and 4 differ in both the

falling edge (8940–8980 eV) and rising edge (8988–9040 eV)

regions. In the falling-edge region, f’[3] is blue shifted by

�5 eV compared to f’[4]. This trend also persists in the

rising edge region, where f’[3] is blue shifted by �2 eV

relative to f’[4]. Therefore, switching one Cl ligand to a CF3

group, causes the f’ energy envelope to shift to higher

energies by �2–5 eV.

The impact of trifluoromethyl ligation was probed

further by comparing [Cu(CF3)4]
� (1) and (bpy)Cu(CF3)3 (5,

bpy=2,2’-bipyridine),[37] which share the formal Cu(III)

assignment but differ in the number of CF3 ligands. In

contrast to the four-coordinate complexes previously dis-

cussed, five-coordinate 5 shows a quite different in-edge

peak shape (Figure 3) due to the changes in the ligand shell

and the coordination number/geometry.[53–55,68,69] A complex

set of in-edge features was observed for 5, which matches

the highly structured XAS spectrum previously reported for

this compound (Figure S6).[48] In the falling edge region

(8960–8984 eV), f’[5] shifts �3 eV higher than f’[1] (Fig-

ure S7). Similarly, the rising-edge position of f’[5] is blue

shifted by �3 eV compared to f’[1] before converging at

�9002 eV. Thus, while 1 and 5 have the same formal

oxidation state assignment, the energy envelop spanned by

f’[5] is shifted to higher energy than that of f’[1] by �3 eV.

This shift is in accord with previous XAS[68,69] and DAFS

literatures[54,55] including our previous Cu K-edge DAFS

study,[53] which showed that increases in Cu coordination

number cause f’ plots to blue shift by �3.5 eV per added

ligand. To account for the coordination number differences

between 1 and 5, an energy correction of �3.5 eV is applied

to 5 in the linear regression analysis described below.

Next we analyzed (Ph3P)(phen)CuCF3 (6, phen=1,10-

phenanthroline)[65] for comparison to (Ph3P)3CuCF3 (3) and

(bpy)Cu(CF3)3 (5). Complexes 3 and 6 have the same

coordination number/geometry and the same number of CF3

Figure 2. (left) Experimentally determined energy dependence of the f’ scattering factor for the Cu sites in (Ph3P)3CuCF3 (3) and (Ph3P)3CuCl (4),[53]

and (right) crystal structure of 3. Non-hydrogen atoms are shown as thermal ellipsoids (50% probability), and hydrogens are omitted for clarity.
Data for only one of three molecules in the asymmetric unit of 3 are shown.
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groups but possess slightly different ligand shells (P3 vs

PN2). Complexes 5 and 6 share bpy/phen ligand shells but

differ in the number of CF3 groups (3 vs 1). As expected for

a four-coordinate complex, f’[6] has a doublet in-edge shape

(Figure 3). While the f’[3] and f’[6] traces are distinctive in

the falling edge region (8960–8982 eV), they overlap on the

rising right-hand side of the spectrum that is sensitive to

changes in Zeff. In the falling-edge region, f’[6] is red shifted

by �2 eV. Thus, complex 6 displays a slightly broader

energy envelop than 3. Peak broadening in DAFS is usually

attributed to additional metal-ligand covalency,[53–55] here

presumably introduced by π-acidic phen. These two com-

plexes also exhibit different in-edge profiles corresponding

to changes in the ligand environments as discussed previ-

ously for 3 and 4.

The f’[5] profile was found to be red-shifted by �1.5 eV

in the falling edge region compared to f’[6] (Figure 3).

Reminiscent of the square planar [CuCl4]
2� (2) case

discussed above, the most drastic changes between 5 and 6

are observed in the rising edge region. The f’[6] trace is

shifted �4 eV lower in energy than f’[5].

The last compound we examined was formally Cu(II)

complex, trans-CuBr2(py
Br)2 (7, pyBr

=2-bromopyridine),[70]

which provides another square planar example for compar-

ison to 1 and 2. The f’ profile of 7 overlays well with those of

1 and 2 in the falling- and in-edge regions but diverges in the

rising edge region (Figure S9). It is advisable to avoid

detailed interpretation of this rising-edge shift due to the

well-known dependence of X-ray absorption profiles on

halides.[52] Nonetheless, the qualitative comparison of 1, 2,

and 7 serves to reinforce that ligand shell influences on

DAFS responses of the square planar set are predominantly

observed in the rising edge region of f’ vs. E (when

controlling for coordination number/geometry).

When analyzing the preceding data globally, it is evident

that there is a notable “CF3 effect” on the rising edge

position, with each added CF3 group blue shifting the

resonant energy. In fact, plotting the rising edge energy (at f’

= -8, see Supporting Information for detailed analysis

procedure) against number of CF3 ligands gives an apparent

linear correlation that is independent of formal Cu oxidation

state (Figure 4). The linear regression slope is �2–3 eV per

CF3.

Having established that the number of CF3 ligands

(independent of formal Cu oxidation state) is the dominant

factor controlling the rising edge position, with �2–3 eV

blueshift in f’ per added CF3 group, we revisited the DAFS

profiles of formally Cu(III) complex 1 and formally Cu(II)

complex 2. Both these compounds show doublet in-edge

features like four-coordinate 3, 4, 6, and 7 but unlike five-

coordinate 5. In the falling edge region, the f’ plots of square

planar complexes 1 and 2 are indistinguishable. However,

they diverge drastically in the rising edge region that is often

sensitive to Zeff,
[53–55] with 1 shifted to higher energy than 2

Figure 3. (left) Experimentally determined energy dependence of the f’ scattering factor for the Cu sites in (Ph3P)3CuCF3 (3), (bpy)Cu(CF3)3 (5), and
(Ph3P)(phen)CuCF3 (6), and (right) crystal structures of 5 and 6. Non-hydrogen atoms are shown as thermal ellipsoids (50% probability), and
hydrogens are omitted for clarity. A correction of �3.5 eV was applied to DAFS data for 5 (see text).
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by �8 eV. Given that both 1 and 2 exhibit similar

coordination environments, initially it is tempting to assign

the higher rising-edge f’ position to a higher Zeff in 1

presumably resulting from its higher oxidation state, i.e.,

Cu(III). However, through global analysis of all the com-

plexes, a �2–3 eV per CF3 effect on rising-edge f’ position

was determined (Figure 4). Since 1 has four additional CF3

ligands compared to 2, this CF3 effect completely accounts

for the �8 eV difference between 1 and 2. In other words, if

anion 1 truly contained a Cu(III) center, one would expect

the rising edge to have shifted even further to higher energy

(by an additional �3–5 eV according to previous

benchmarking).[53] Instead, the �8-eV shift between 1 and 2

is consistent with their having roughly similar Cu oxidation

levels. (The [CuCl4]
2� anion in D4h symmetry is highly

covalent, with the singly-occupied molecular orbital possess-

ing 61% Cu 3dx2-y2 character.[71,72]) A complimentary inter-

pretation is evident for complex 5 after having applied a

correction for the coordination number effect[53] on rising-

edge f’ energy. These observations suggests that, in accord

with the inverted ligand field model,[44,47,48] [Cu(CF3)4]
� and

other formally trifluoromethylcopper(III) complexes are

best described as Cu(I) complexes with dn counts approach-

ing 10.

Conclusions

Whereas DAFS has typically been used for deconvoluting

redox load in multinuclear metal clusters,[54–61] here this

technique was applied to mononuclear complexes to probe

physical oxidation state at Cu. Because XAS techniques

previously led to contradictory conclusions about the

electronic structure of [Cu(CF3)4]
� and other formally Cu-

(III) complexes,[44,49] the use of DAFS to probe physical

oxidation state has provided complementary and clarifying

experimental data. From these data, a �2–3 eV “CF3 effect”

on the resonant Cu K-edge energy was identified. This effect

accounts completely for energy shifts between Cu complexes

with different formal oxidation states, implying that all

complexes in this study have roughly the same Cu oxidation

level. As such, this study provides additional support for the

inverted ligand field model[44,47,48] used to describe many

formally Cu(III) complexes.
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