Open Access Article. Published on 24 October 2025. Downloaded on 6/2/2026 11:02:17 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

ChemComm

W) Check for updates ‘

Cite this: Chem. Commun., 2025,
61, 19104

Received 3rd September 2025,
Accepted 23rd October 2025

DOI: 10.1039/d5cc05082k
Alexander V. Belyakov,

rsc.li/chemcomm Pavel Yu. Sharanov,

The first gas-phase electron diffraction structure of a “carbene-
metal—-amide” (CMA) complex has been characterised. Strong agos-
tic and weak anagostic C—H- - -Cu intramolecular interactions have
been revealed and correlated with significant bending of the geo-
metry around the copper atom, corroborated by photolumines-
cence in the gas phase.

The emerging organic light-emitting diode (OLED) technology is
enabling advanced and next-generation display and lighting
devices, including virtual reality (VR) and augmented reality
(AR)." The success of OLED technology is impossible to imagine
without advancements in molecular design of the luminophore
materials, which play a key role in the emitting layer of the OLED
and enable its electroluminescence. carbene-metal-amide (CMA)
materials have emerged as one of the brightest and stable lumi-
nophores suitable for the fabrication of energy-efficient OLEDs
using solution and vapour deposition protocols.>” Their straight-
forward and effective molecular design relies on linear coordina-
tion of a d'° coinage metal (Au, Ag, or Cu) with a n-donor amide
and a m-acceptor carbene ligand, enabling sub-microsecond, near-
unity-efficiency thermally activated delayed fluorescence (TADF)
with charge-transfer (CT) character.® The small singlet-triplet
energy gap (AEsy), with a value often as low as 40 meV, facilitates
rapid reverse intersystem crossing (rISC) with rates of up to 10’
s~". The extent of S; and T, states mixing is governed by the spin-
orbit coupling (Hso) of the coinage metal and inversely propor-
tional to AEgy, which in turn depends on the frontier orbital
overlap integral (Sy;) between the HOMO and LUMO; a smaller
overlap leads to a smaller AEgr.’ Of the analyzed CMAs, gold(i)-
based systems currently deliver the best performance, achieving
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TADF lifetimes as short as 200 ns and unity photoluminescence
quantum yield (PLQY).”°

Copper(1)-based CMA materials offer a significant advantage due
to the greater natural abundance of copper compared to gold.
However, heterotypic atomic bonds formed by copper are often
significantly more polarized than are those formed by gold (due to
a significant difference in the electronegativity of the interacting
atoms), thus requiring additional molecular design efforts to
stabilize the copper-based materials for practical applications in
OLEDs. Recently, Feng et al'® and Li et al' explained that
including weak C-H- - -M(1) (M = Cu or Au) anagostic intramolecular
interactions could provide greater stability for OLED materials with
promising enhancements in device operation stability. All works to
date have focused exclusively on confirming such C-H---M()
interactions in solid-state samples, while recent work from Steffen
et al. demonstrated the impact of weak intramolecular B-F- - -Cul(1)
interactions on the photophysical properties of the material."?
However, the nature of these intermolecular contacts remains
controversial due to the simultaneous presence of numerous
intermolecular interactions and lattice forces that closely pack
molecules in the crystal, dictating a geometry that may be far from
the potential energy surface minimum.* It was recently demon-
strated in a carbene-copper-chloride complex by comparing its gas-
phase electron diffraction (GED) and single-crystal X-ray diffraction
structures,”*® while only two earlier works reported gas-phase
structures for other Cu(i)-containing small molecules.'*”*

Explicit mapping of the agostic and anagostic interactions in
OLED materials is uniquely enabled by GED, which is largely
limited in XRD experiments. The current work aimed to investi-
gate first a CMA material (molecule CMA2, Fig. 1) structure in the
gas phase, reveal the molecular geometry of intramolecular inter-
actions in the absence of intermolecular contacts under high
vacuum, and demonstrate their impact on photoluminescence.

The electron diffraction method was combined with quan-
tum chemical calculations up to the all-electron RI-MP2/def2-
QzVPP"™™" level of theory and compared with the crystal
structures determined using X-ray diffraction analysis. Mean
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Fig. 1 Structures of CMA complexes and key photophysical parameters
and structural parameters for anagostic and agostic interactions.**

vibrational amplitudes, u;,;, and anharmonic vibrational cor-
rections (7;,.—1y;,a) Were calculated for experimental temperatures,
using quadratic and cubic force constants, which are required
for the gas-phase electron diffraction (GED) analysis, were
computed using the SHRINK program'®'® at the first-order
perturbation theory level, taking into account curvilinear kine-
matic effects. These calculations were carried out using Gaus-
sian16 (Revision C01) program package.” A natural bond orbital
(NBO-7.0)*'"** analysis of molecule CMA2 was performed for a
wave function at the BP86BP/def2SVPP level of theory.

Molecule CMA2 was obtained according to our previously
described procedure and purified by sublimating it at 250 °C at
1 x 107° mbar to obtain high-purity material for the GED
experiment;* see SI for details. The Cartesian coordinates of its
atoms were calculated according to an algorithm given in the
literature.> For the ring closure, the calculation of the coordinates
was not terminated at the last atom in the ring but continued for
three dummy atoms according to the algorithm rules.>* The
problem of the ring closure was reduced to the iterative solution
of nonlinear equations with respect to the dependent geometrical
parameters, to have the Cartesian coordinates of dummy atoms
coincide with those of the first three atoms of the ring.

0 => wid? = wi[sM(s)

Structural parameters were refined with the minimized
functional having the form in eqn (1). In this equation,

—k-sME)] (1)
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s = (4m/A) sin(0/2) is the parameter of the scattering angle 0
with /1 being the wavelength of the electron beam, w; is a weight
function, sM(s) is the molecular intensity function, and k is the
scale factor. The value of the R-factor was taken using eqn (2) and
used as a criterion of the minimum of the functional Q.

R= (Q/ Z Wy [SMOhS(S)r) . (2)

Least-squares structure refinements were carried out with
the use of a modified version of the KCED25 program.>® Weight
matrices were diagonal. The short-distance data were taken
with weights of 0.5, and the long-distance ones with unity
weights. The molecular structure of the CMA2 molecule
(Fig. 1 and Fig. S1) was specified by 51 bond lengths, 154 bond
angles, and 110 dihedral angles. Of them, 8 bond lengths,
30 bond angles, and 35 dihedral angles were the ring closure
parameters (Table S1). Geometrical parameters and vibrational
amplitudes were refined in groups with constant differences
from theoretical MP2 and DFT estimates, respectively. Particu-
larly, the mean least-square amplitudes were refined in eight
groups, according to specific ranges of the radial distribution
curves (Fig. 4), namely 1.0-1.2, 1.2-1.8, 1.8-2.0, 2.0-2.8, 2.8-3.2,
3.2-4.1, 4.1-5.6, and 5.6-12.0 A. The final sM(s) and f(r) radial
distribution curves are shown in Fig. 2 and 3. The correlation
matrix for the set of refined geometrical parameters is given in
SI. The best correspondence between the experimental and
calculated molecular intensities was obtained for the final set
of geometrical parameters listed in Table S1.

We compared the molecular structure of CMA2 obtained
from gas-phase electron diffraction (GED) with that from
single-crystal X-ray diffraction (XRD) to elucidate the influence
of intermolecular contacts on key geometrical parameters
(bond lengths and angles) and on bending distortions from
linear geometry. Single crystals of the CMA2 complex were
grown using a method involving slow diffusion of a layer of
hexane into a CH,Cl, solution.?* Both molecular structures of
CMA2 are shown in Fig. 4, including selected bond lengths and
angles. The Ccarpene—Namide S€paration was observed to be ca.
0.31 A longer in the XRD structure (3.743 A) than in the GED
structure (3.435 A) due to both Cu-C and Cu-N bond lengths

sM(s)

/\m/\ g
JV VY

A

5 10 15 20 25 30
-1
s, A
Fig. 2 Experimental (dotted) and calculated (solid) sM(s) molecular inten-

sity of CMA2 and their difference (4) estimated by subtracting the theore-
tical values from the experimental ones.
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Fig. 3 Experimental (dotted) and calculated (solid) f(r) radial distribution
functions of molecule CMA2 and their difference (4) estimated by sub-
tracting the theoretical values from the experimental ones.

being ca. 0.15 A shorter in the GED structure than in the XRD
structure. The greater lengths of the covalent bonds around the
copper atom in the XRD structure were attributed to the intermole-
cular contacts present in the crystal, for instance, weak C-H- - -n and
C-H""(carbene)- - ->"H-C(carbazole) interactions between neighbour-
ing molecules, but absent for the nearly isolated molecules of CMA2
in the gas phase. Note the shorter covalent bonds around the copper
atom in the gas phase, being consistent with our earlier results for
the GED structure of the carbene-copper-chloride complex (V>CAAC)-
Cu(f)CL"™ The CMA2 molecule was found to exhibit notable con-
formational distortions in the gas phase, reflected by a 23° tilt
of the adamantyl moiety (Fig. 4b, top view), 18° rotation of the

MA2 XRD d

b

CMA1: XRD (green) and GED (red) structure overlay
Frontview Side view

Top view
-
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2,6-diisopropylaniline-moiety along the N-Ce.pene bond (Fig. 4b, side
view) and an elbow-type tilt (CMe, and CH, moieties) in the backbone
of the CAAC-carbene (Fig. 4b). Rotation of the 2,6-diisopropylaniline
moiety resulted in one of the methyl groups (C14) moving close to the
Cu atom to form a short agostic intramolecular interaction with a
Cu---H length of 2.049 A and Cu---H-C contact angle of 132.4°. In
contrast, it was observed that the methylene groups of the adamantyl
moiety form short anagostic intramolecular interactions with Cu- - -H
contact lengths of 2.305-2.391 A and Cu---H-C contact angles of
130-131°, with these lengths significantly smaller than the sum of the
van der Waals radii for Cu and H atoms (2.60 A). Unlike the GED
analysis, the XRD analysis of the CMA2 molecule indicated only weak
anagostic interactions (Fig. 4b}—with Cu---H contact distances of
2.421-2.787 A and Cu---H-C contact angles of 135-150°,"* values
similar to those reported for MCuBDC complex intramolecular
anagostic interactions (Fig. 1).*

The intramolecular interactions for CMA2 were analyzed
using Hirshfeld surface analysis,*® to verify the presence of both
agostic and anagostic Cu---H-C intramolecular interactions.
This analysis indicated distinct regions of high electron density
appearing between the Cu atom and C-H moieties of the
carbene ligand (Fig. 4d). Further analysis of the wave function
at the BP86BP/def2SVPP level of theory was performed with the
quantum theory of atoms-in-molecules (QTAIM). Four Cu---H
bond paths with bond critical points (3-1) were revealed and
shown in Fig. S2 of the molecular graph for CMA2, corroborating
experimental findings. The impact of short agostic Cu---H-C
intramolecular contacts on the Renner-Teller distortion of the

e
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s 084 ——PS 1% film
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Wavelength, nm
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CMA2
Neat PS (1%) toluene Gas
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(S 4.7 4.6 2.1 ND
c D(%, 295K’ 60 63 71 ND
Weak intramolecular hydrogen bond (GED): m 1.2 1.3 a3 ND
GED - gas-phase electron diffraction Agostic C14-H48---Cu 2.049 A 132.4° 0.8 0.6 13 ND
XRD - single crystal X-Ray diffraction Anagostic C25-H75---Cu 2.305A  131.6° 2 7 2 5
GED,A  XRD, A Anagostic C28-H80---Cu 2.391 A 130.1° 2.87 2.87 279 270
Cu-C carpene 1.728(34)  1.862(1) Weak intramolecular hydrogen bond (XRD): 2.93
Cu-N amide 1.728(34)  1.884(1) Anagostic C12-H12---Cu 2.681A  150.9° NIy W50 006 006 -0.14 -0.23
a C-Cu-N 168.2(2)°  174.34(6)° Anagostic C15-H15-:Cu 2.787 A 149.5°
BC1-N1---N2-C28  5.2(4) 13.9(6)° Anagostic C22-H22---Cu 2.618 A 135.5°
Anagostic C24-H24---Cu 2.421 A 140.0°

Fig. 4

(a) Gas-phase electron diffraction (GED, showing agostic and anagostic intramolecular interactions) and single-crystal X-ray diffraction (XRD)

structures for the CMA2 molecule; (b) front, side and top views of a superposition of the GED (red) and XRD (green) structures of the CMA2 complex
(based on fitting their respective Cu, C1 and N1 atoms), demonstrating a distortion of the linear geometry around the copper center; (c) key geometrical
parameters and intramolecular interactions; (d) Hirshfeld surface analysis of CMA2, where red corresponds to high electron density, due to formation of
interactions with hydrogen atoms, while blue corresponds to low electron density with no significant interaction; (e) photoluminescence profiles for
CMA2 in various environments, where PS represents polystyrene; and (f) photophysical properties for CMA2, where ND represents not determined.
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linear geometry around the Cu atom in CMA2 was reflected by
angle o (up to 6° greater bending in the GED structure than in the
XRD structure). We previously demonstrated a correlation between
the tilt/twist angles in the CMA complexes and their photophysical
properties.*” Significant bending (Renner-Teller distortion)*” and
free rotation of the carbene aryl moiety®” apparently resulted in up
to 100 nm red shift of the photoluminescence maxima in CMA
complexes, associated with the excited-state energy loss, and
consistent with the non-unity PLQY observed for CMA2. The
luminescence of gas-phase CMA2 was measured at 543 K under
high vacuum (Fig. 3 and Fig. S3), with Fig. 4f showing a compar-
ison of the data collected in various environments to show the
impact of the intramolecular agostic interaction in CMA2. In the
gas phase, CMA2 emits green-yellow light at a wavelength of
542 nm, which is red-shifted by up to 50 nm (1814 cm )
compared with that observed for solid-state films (492 nm) and
toluene solutions (513 nm). The large Stokes shift for CMA2 gas
phase (6407 cm™ ") was likely linked to the presence of the short
agostic interactions, providing a relaxation pathway for the excited
state, and thus broadening and red shifting the emission profile
compared to the solid state, having no agostic interactions.

We have demonstrated that the GED method can reveal
peculiar intramolecular interactions, namely agostic and ana-
gostic Cu---H-C intramolecular contacts, and have character-
ized their impact on CMA luminescence. Our results suggest
the next design guidelines: CMA emitters should incorporate
bulky substituents on the carbene aryl moiety to avoid agostic
interactions and prevent non-radiative events. This study has
shown the utility of the GED experiment for OLED-relevant
large organometallics containing heavy transition-metal atoms.
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