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Abstract

Dual fluorescence in 4-(dimethylamino)benzonitrile (DMABN) and its derivatives
in polar solvents has been studied extensively for the past several decades. An in-
tramolecular charge transfer (ICT) minimum on the excited state potential energy
surface, in addition to the localized low-energy (LE) minimum, has been proposed as
a mechanism for this dual fluorescence, with large geometric relaxation and molecular
orbital reorganization a key feature of the ICT pathway. Herein, we have used both
equation-of-motion coupled-cluster with single and double excitations (EOM-CCSD)
and time-dependent density functional (TDDFT) methods to investigate the landscape
of excited state potential energy surfaces across a number of geometric conformations
proposed as ICT structures. In order to correlate these geometries and valence excited

states in terms of potential experimental observables, we have calculated the nitrogen



K-edge ground and excited state absorption spectra for each of the predicted “sign-
post” structures, and identified several key spectral features which could be used to

interpret a future time-resolved x-ray absorption experiment.

Introduction

Since the discovery of dual fluorescence in 4-(dimethylamino)benzonitrile (DMABN, Fig. 1),!
the valence excited electronic states of DMABN and their evolution following photoexcitation
have been studied extensively to gain mechanistic understanding of this phenomenon.?™
Initially the state reversal model was proposed to explain the dual fluorescence.!'® In the
context of this model, it was suggested that initial excitation to the lowest absorption band
leads to population of S; and S, states. Internal conversion from the S, state followed by
intramolecular vibrational relaxation (IVR) on the S; potential energy surface (PES) leads
to “normal” fluorescence from the S; minimum. Alternatively, the “anomalous” fluorescence,
which is sensitive to solvent polarity and temperature, was attributed to the S, minimum.
Based on the nature of the orbitals taking part in these electronic excitations, the S; state
is termed the locally excited (LE) state, while the Sy state is classified as an intramolecular
charge transfer (ICT) state. Grabowski et. al. suggested a mechanism that involved, on the
ICT PES, twisting of the amino group relative to the aryl ring reaching an angle of 90°. 1112
This proposed minimum on the ICT PES is denoted the twisted ICT (TICT) structure.
Later, it was shown that this TICT state cannot be populated via direction absorption. 3
Various models that have been proposed to explain the anomalous fluorescence mainly
differ in the minimum energy structure assigned to the ICT state.'* In contrast the the
model outlined above, the wagging motion of the dimethylamino group was also suggested
as a primary coupling mode of the LE and ICT states, which leads to a proposed wagged
ICT (WICT) structure.'® A model based on a planar minimum (with respect to the amino

pyramidalization angle) was also put forth giving a planar ICT (PICT) state. ™ Addition-

ally, a bending on the cyano group within the plane of the aryl ring, in principle produced



by a rehybridization of the cyano nitrogen orbitals from sp to sp?, leads to a rehybridized
ICT (RICT) hypothesis.?*?! Lastly, a partially-twisted ICT geometry, as opposed to the
full 90" twist angle of TICT, is suggested to be responsible for driving population of the
ICT state from the wagged ground state geometry, giving a partially-twisted ICT (PTICT)
state.?? Each of these models invoke only LE and ICT states and their associated PESs as a
mechanism for explaining dual fluorescence; we also mention for completeness another study
where it was proposed that a third wo* state takes part in the mechanism along with LE
and ICT states.?3

Although the TICT model is the most well-established mechanism of dual fluorescence in
DMABN, vigorous ongoing debate fuels the investigation of other models as well as efforts to
probe the finer details of the mechanism. Despite various theoretical approaches to under-
stand the fluorescence mechanism, there exists no unambiguous model that can explain this
phenomenon, and a cohesive description based on simple models is elusive.” As discussed by
Kohn and Hattig, a central goal of the theoretical study on this problem is to test various
models for consistency and to offer a prediction that can be investigated in experimental
studies.®

In this work we follow the spirit of Kohn and Héttig and compute the excited state x-ray
absorption spectra (ES-XAS) of multiple valence excited states at several geometries relevant
to potential dual-fluorescence pathways. X-ray absorption spectroscopy (XAS), as it involves
excitation of core-level electrons to the unoccupied valence/Rydberg orbitals, is an effective
technique to study the local electronic as well as geometrical structure. Another attractive
aspect of XAS is that it provides atomic specificity. Thus, high-resolution XAS is widely
applied as a powerful technique for determining the local structure of molecular systems. 24728
While XAS provides a useful static picture, time-resolved XAS (tr-XAS) spectroscopy is
employed for tracking dynamical processes, such as solute-solvent interactions, evolution of
photoexcited states, intramolecular charge transfer processes, etc. With recent advancements

in experimental techniques, tr-XAS is regularly used to study condensed phase systems. 2?31



Our calculations of the nitrogen K-edge (N1s) ES-XAS of DMABN will inform potential
experimental studies by providing detailed, geometry- and state-dependent excited state

XAS features and their interpretation in terms of molecular orbitals via natural transition

orbitals (NTO) analysis.
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Figure 1: Schematic structure of DMABN with non-hydrogen atoms labelled with numbers.
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Figure 2: The structure obtained from ground and excited state optimizations (a) wagged,
(b) partially-twisted, and (c) twisted.

Computational Details

The ground and excited state geometries were optimized using coupled cluster with single and
double excitations (CCSD)3273* and equation-of-motion CCSD (EOM-CCSD) 3537 methods,
respectively. The EOM-CCSD method was also used to optimize the conical intersection (CI)
geometry along the intersection seam.?® X-ray absorption spectra were simulated using the
core-valence-separated equation-of-motion coupled cluster with single and double excitations
(CVS-EOM-CCSD).3? All XAS spectra were broadened using a Gaussian profile with a

standard deviation of 0.2eV. The Pople-style basis sets provide a remarkable compromise
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between the computational cost and the accuracy for XAS calculations. %! Hence, the Pople
split-valence triple-¢ basis set with diffuse and polarization functions, 6-311++G** 4243 wag
used for all calculations, unless specifically noted. Optimizations and (ES-)XAS calculations
were performed with a development version of the CFOUR software package.** Natural
transition orbitals (NTOs) were used to identify the nature of the excited states.

To better understand the effects of geometry on the ES-XAS, molecular geometries were
also optimized using DFT methods. The ground state geometry was obtained with the
M06-2X exchange-correlation functional.*® The excited state and CI geometry optimizations

146 and the Tamm-Dancoff

were performed using the BHHLYP exchange-correlation functiona
approximation " of time-dependent density functional theory (TDDFT). While the M06-
2X functional is suitable for optimizing ground state geometries, the BHHLYP functional
has been shown to perform well for optimizations of CI geometries.*? Thus, for excited state
optimizations the BHHLYP functional was chosen. These calculations were performed using
the Q-Chem software package.?® Valence and core excitation energies, oscillator strengths,

and dipole moments for these geometries were then calculated using EOM-CCSD and CVS-
EOM-CCSD methods as above.

Results and Discussion

Ground state structure

A slight pyramidalization of the dimethylamino group of DMABN has been established from
microwave gas phase spectroscopy® and from x-ray diffraction in the crystalline phase®? (as
shown in Figure 2a). The wagging distortion with respect to the planar structure is observed
as 15° and 11.9° in gas phase and in crystalline phase, respectively. Parusel et. al. have
shown that triple-( quality basis sets are necessary to obtain the ground state geometry with
an adequate pyramidalization angle.®?

Our CCSD optimization of the ground state geometry leads to a non-planar structure
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Figure 3: XAS calculation for the ground state geometries obtained from the CCSD and the
DFT calculations: Nls excitation of (a) amino and (b) cyano nitrogen atoms.

with distortion along the wagging motion of the dimethylamino group (the wagging angle w
is defined as the angle between the N; to C4 bond and the and plane defined by N;CgCy; in
the ground state w = 30.6°) in good agreement with the results obtained from gas phase spec-
troscopy.®! Alternatively, the DFT optimization leads to a somewhat more planar structure
(w=09.3°).

Fig. 3 illustrates the effect of the pyramidalization angle on the ground state XAS. Al-
though the spectra calculated for both the geometries is identical for N1s excitation of the
cyano nitrogen, and are mostly similar for the amino nitrogen, the latter XAS spectra show a
distinctive splitting of the lowest energy peak at less-planar CCSD geometry. The magnitude
in the splitting is only approximately 0.4 eV, however, which is within the typical errors of rel-
ative XAS peak positions for CVS-EOM-CCSD.** Nonetheless with more detailed follow-up
calculations this distinctive feature could then provide an additional spectroscopic measure
of the ground state pyramidalization angle. The oscillator strengths of Nls excitation of
the cyano nitrogen are significantly larger compared with the amino N1s excitations. The
7* orbitals of DMABN include a significant contribution from the cyano group (Table S1 of

the ESI). Thus, the cyano N1s orbital has higher spatial overlap with the virtual 7* orbitals



compared to amino N1s, which is a driving factor in the higher transition dipole moments.

Valence excited states

Table 1: Excitation energies, oscillator strengths (f) and dipole moments (u) of valence
excited states at the CCSD optimized ground state geometry.

State 6-311+4+G** 6-311G**

AE (V) [/ WD) |AE(V) ] i (D)
LE 4.59 0.0212 8.67 4.67 0.0195 8.42
pre-ICT 4.93 0.3307 6.35 5.18 0.5751 12.07
Ss3 5.24 0.2604 7.50 6.49 0.0249 2.52

It is well-established that the LE state is the lowest excited singlet state of DMABN in the
Franck-Condon (FC) region, while the ICT state is the second lowest. The nature of local and
charge-transfer excitations of the vertical excited states were confirmed from NTO analysis
as shown in Table S2 of the ESI. Previous theoretical calculations of these states predicted
a significantly higher dipole moment of the ICT state, consistent with the assignment of
charge-transfer character.’® However, our calculations result in a dipole moment of the ICT
state lower even than that of the LE state (Table 1). The previous theoretical calculations
were performed with basis sets that did not include diffuse functions, and so we recomputed
the vertical excited states at the same geometry but with the non-diffuse 6-311G** basis set.
The latter calculations do indeed show a significant increase in dipole moment for the ICT
state, but also a drastic destabilization of the third singlet state S3 (Table 1). Without diffuse
functions, Sz is seen to be Rydberg-like (Table S3), while the inclusion of diffuse functions
leads to stabilization and mixing of S3 with the ICT state. This mixing is then responsible
for the dilution of charge-transfer character and a lowering of the dipole moment. In the
non-diffuse 6-311G** basis set, the S3 state is not truly of Rydberg character as the basis
functions are not diffuse enough to capture the extended character of such states. Rather,
and as seen from the NTOs (Fig. S3), the “diffuseness” of this state must co-opt valence anti-

bonding orbitals which then leads to a higher energy. This comparison suggests that while



the LE state is relatively stable with respect to the quality of the basis set used, the ICT state
is highly sensitive to the basis set, especially the inclusion of diffuse functions. Due to this
Rydberg mixing, which is not significant at other geometries (vide infra), we denote the ICT
state in the Frank-Condon region as a “pre-ICT” state. We also find a strong dependence of
the ground- and excited state-XAS on diffuse functions, as illustrated in Figs. S1-S3. The
DFT optimized ground state, which is nearly planar, also leads to a large dipole moment of
the ICT /pre-ICT state due to a reduction in Rydberg mixing. Thus, the use of a sufficiently
flexible and diffuse basis set with an accurate electronic structure method seems critical for

a correct qualitative or quantitative description of the excited states of DMABN.

Table 2: Dipole moments (in Debye) of LE and ICT states for various optimized geometries
calculated at the EOM-CCSD/6-3114++G** level of theory. For comparison, the ground
state dipole moment is 6.76 D at the EOM-CCSD/6-311++G** level.

EOM-CCSD optimized TDDFT optimized
(Geometry Structure Structure
LE ICT LE ICT
type type
FC Wagged | 8.67 6.35 Wagged/ 19 49 12.43
planar
Partially Partially
LEin twisted 9.66 12.64 twisted 9.67 9.91
ICT,im Twisted 15.57 15.73 | Twisted 15.10 14.71
Wagged
S2/S1 with ring | 8.77 8.66 Wagged 9.16 5.53
distortion

Optimization of the LE state starting with the FC geometry leads directly to a minimum-
energy structure denoted LE,,,;,,. In this structure we observe a twisting of the dimethylamino
group of about 18.5°relative to the aryl ring, as depicted in Figure 2b. TDDF'T optimization
of LE results in a similar geometry but with a larger torsion angle of 30.5°. The torsion angle
for LE,,;, obtained from EOM-CCSD optimization is in a good agreement with previous
results.® A geometry optimization of the pre-ICT state starting at the FC geometry leads to
a conical intersection seam (Sy/S1). We further performed a minimum energy crossing point

(MECP) search, which led to a wagged geometry, albeit with a smaller wag angle compared



to the ground state geometry and a distortion of the aryl ring. Similar results were obtained
from the TDDFT calculations (Table 2). We found a minimum of the ICT state (ICT,,;,)
at a fully-twisted geometry (Figure 2c¢), and were unable to find a charge-transfer minimum
energy structure on the S; surface at any partially-twisted geometry. We were also unable
to find any minimum energy structure corresponding to a rehybridized (RICT) state. The
dual fluorescence of DMABN is observed in solution and is seen to depend strongly on
solvent polarity, and experimentally, no dual fluorescence is observed in the gas phase.!*
While we observe the effect of the lack of polarized solvent indirectly by the absence of a
low-energy pathway from the LE/ICT conical intersection to our ICT,,;, structure, the fact
that a clear potential minimum with the necessary electronic and geometric features can be
obtained points to the intermediate pathway as the bottleneck in non-polar solvents and the
gas phase. Thus, while the kinetic facility of the ICT fluorescence pathway is highly solvent
sensitive, it seems reasonable that the final ICT minimum is less sensitive.

It is notable that while both the LE,,;, and ICT,,;,, structures feature a twisting of
the dimethylamino group, the conical intersection which, at least according to our computed
potential energy surfaces, should drive the dual fluorescence mechanism via population split-
ting, is found at a non-twisted geometry. Previously, Robb and co-workers have studied the
topology of the extended conical intersection seam and observed that LE and ICT states are
degenerate along the pyramidalization (wagging) and torsion (twisting) of dimethylamino
coordinates of DMABN. % From that work, we can rationalize that while the minimum en-
ergy crossing point (lowest energy CI point) is at a wagged geometry, kinetically-accessible
trajectories could also encounter the crossing at slightly twisted geometries. In the next sec-
tion we illustrate the ramifications of the structural parameters of each of these geometries
on the ES-XAS spectra.

The dipole moments of both LE and ICT states were found to increase with increasing
twisting angle for the EOM-CCSD optimized structures (Table 2), although NTO analysis

confirms local excitation character of S; at LE,,;, and charge-transfer character at 1CT,,;,



(Table S5). The significant increase in dipole moment, from 6.76 D in the ground state, to
almost 16 D at the ICT minimum, could also be argued to support classification of both LE
and ICT states as charge-transfer states at that geometry. Investigation of the NTOs (Ta-
ble S5) shows that it is not the particle NTO that is responsible for the large dipole moment,
but the hole NTO, which shows a clear shift in electron density towards the dimethylamino
group. We have labeled the states at ICT,,;, by correlating the character of the particle
NTOs in a diabatic fashion. This observation is very similar to previous calculations per-
formed with the RI-CC2 method.® On the other hand, previous calculations performed with
CASSCF (on CIS optimized structures) predicted that the dipole moment of the LE state
should decrease with increasing torsion angle.® The dipole moment of both states also in-
creases slightly at the CI, although Rydberg mixing is still evident. Interestingly, the CI
geometry is found at a larger wag angle than the ground state using TDDFT, which leads

to a reduction in the ICT dipole moment.

Excited state XAS

ES-XAS spectra were calculated at the FC, LE,,;,,, ICT, ., and Sy /S; geometries. The Nls
core-excited states were calculated for both the amino and cyano nitrogen atoms. Tran-
sition properties such as oscillator strengths were computed with respect to the valence
states S; and S, calculated as above. The spectra are labeled as “LE” or “ICT” ES-XAS,
which assignment depends on the geometry—for example ICT is S; at ICT,,;,, while it is Sy
elsewhere.

Fig. 4 shows the ES-XAS spectra for the geometries obtained from the CCSD optimiza-
tions. The amino N1s ES-XAS show strong dependence on the lower (valence) excited state
and the pyramidal distortion of the dimethylamino group. A strong peak near 399eV ap-
pears for the (pre-)ICT state (Fig. 4a, purple curve), for which a doublet-like structure
emerges for LE,,;, geometry (brown curve) and splits into two peaks for CI geometry (pink

curve). While for the excitation from the LE state a peak appears near 400.8eV (Fig. 4a,
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Figure 4: ES-XAS calculation for the geometries obtained from the CCSD calculations: N1s
excitation of (a) amino and (b) cyano nitrogen atoms.
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Figure 5: ES-XAS calculation for the geometries obtained from the DFT calculations: Nls
excitation of (a) amino and (b) cyano nitrogen atoms.
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blue curve), blue-shifting to ~401eV at the CI geometry (Fig. 4a, green curve). This dif-
ferential signal should provide for an unambiguous identification of the relative S; and So
populations. For the fully-twisted ICT,,;, geometry, there is no ES-XAS signal at the cyano
nitrogen (Fig. 4b, red and gray curves). Instead, a high-intensity peak appears in the amino
nitrogen N1s spectrum for both LE and ICT states (Fig. 4a, red and gray curves). The
ICT, i, structure features a slight buildup of electron density in the cyano 7* orbital, which
also results in a lengthening of the CN bond length (~ 0.007A). These features clearly iden-
tify the ICT minimum structure in a potential tr-XAS spectrum. The cyano N1s spectra are
otherwise weakly dependent on the state and geometry, with the exception of the ICT spec-
trum at wagged (non-twisted) geometries. There, the intensity of the peak near 400.5¢eV is
diminished while an additional weak peak around 396-397 eV appears. These features might
also identify the transition from a wagged to twisted geometry during the dual fluorescence
process. Note that the amino and cyano absorption features near 400.5eV do overlap (the
observable XAS is the sum of the amino and cyano spectra). However, the most interesting
and sensitive features occur outside of this range, and with clearly different intensities. The
almost complete bleaching of the x-ray absorption signal due to transitions from the cyano
N1s orbital, at the ICT minimum geometry, can be attributed to the negligible overlap of
this orbital with the hole NTO of all calculated transitions (see the ESI). At this geometry,
the hole NTOs are uniformly polarized towards the dimethylamino group due to the change
in geometry to a twisted conformation. The observable spectrum is a sum of the cyano and
amino N1s absorptions, as well as convolution of the spectra originating from the various
valence states and the ground state based on the relative populations. The combination of
these multiple features can potentially obscure some of the finer details of the spectra, but
the large differences in intensity and transition energy observed in the predicted “signpost”
features suggests that they will be useful in making assignments of experimental spectra.
The ES-XAS spectra calculated at the DFT optimized structures show strikingly similar

behavior (Fig. 5). Note that the nearly-planar ground state structure obtained from the
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DFT optimization shows a prominent single peak near 399eV (Fig. 5a, purple curve) for
amino N1s excitation from the ICT state, in contrast to the shouldered peak in Fig. 4.
Instead, the same peak at the LE,,;, and CI geometries exhibits a shoulder or complete
splitting. As stated earlier, the LE,,;, geometry obtained from EOM-CCSD has a smaller
twisting angle than in the TDDFT optimized structure. While the fine details of the spectra
differ between the EOM-CCSD and TDDFT optimized structures, the robustness of the key
spectral features is encouraging for their use in assigning potential tr-XAS spectra of the

DMABN dual fluorescence mechanism.

Conclusions

We computed minimum energy structures on the ground, LE and ICT potential energy
surfaces as well as the minimum energy point on the S;/S; conical intersection seam using
EOM-CCSD and TDDFT methods. These optimizations show overall agreement in the
structural types (for example partially-twisted, twisted, wagged, etc.) for respective states,
except the detailed geometrical parameters (wagging and torsional angles). The sensitivity
of the pre-ICT state dipole moment at the ground state geometry to the diffuseness of the
basis set hints that additional in-depth calculations of the ICT PES are required with larger
basis sets and accurate electronic structure methods. The present calculations also show
that some higher valence electronic states could also be important in the dual-fluorescence
mechanism due to valence-Rydberg mixing.

We also computed ground and excited state x-ray absorption spectra for the lowest two
valence states at various optimized structures on the ground and excited PESs. Several
distinctive features are present which could be used to distinguish both the initial valence
state involved in the absorption and the nature of the instantaneous nuclear geometry. We
propose that the predicted spectral features could be used as spectroscopic “signposts” to

assign a potential time-resolved XAS spectrum, and to distinguish between LE and ICT
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fluorescence pathways in real time.
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