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Abstract

The high-energy shoulder in the gas-phase fluorescence emission spectrum of pyrene
is a well-known example of non-Kasha emission. We comparatively assess two ap-
proaches, vibronic perturbation theory and nonadiabatic dynamics, in their ability to
predict and explain the gas-phase fluorescence spectrum of pyrene. While both meth-
ods qualitatively capture the non-Kasha emission, they differ in their computational
requirements, accuracy, and physical interpretation. Vibronic perturbation theory and
nonadiabatic dynamics are complementary and can be combined in a two-step approach
to non-Kasha fluorescence.
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Nonadiabatic Dynamics

Vibronic Perturbation Theory

Two approaches, vibronic perturbation theory and nonadiabatic dynamics, are comparatively
assessed in their ability to predict and explain the gas-phase fluorescence spectrum of pyrene.
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I Introduction

The steady-state fluorescence of many stable (singlet) organic molecules is adequately de-

scribed by the empirical Kasha’s rule, which posits that their emission should only proceed

from their S1 states.45 The conventional rationale for Kasha’s rule is that the internal con-

version (IC) from Sn → S1 (n > 1) is typically very fast compared to the S1 fluorescence

lifetime. Steady-state non-Kasha fluorescence can arise through several distinct mecha-

nisms13,21,42,43,78,80, posing a difficult challenge for electronic structure and quantum dynam-

ics methods; it has important applications, e. g., the design of dually fluorescent dyes for

biological imaging or artificial photosynthesis.12,21,42 Pyrene and some of its derivatives, such

as benzopyrene, obey Kasha’s rule in solution9, the gas-phase fluorescence is more complex,

with an additional high-energy emission (> 3.4 eV)4,16,34,42,80. The high-energy shoulder is

enhanced in a collision-free environment and is diminished when the pressure of the inert

gas in the reaction mixture is increased.3,15,16

Here we consider the non-Kasha fluorescence of pyrene in the gas phase within equilibrium

response theory and semiclassical nonadiabatic molecular dynamics (NAMD). Equilibrium

response theory, specifically vibronic perturbation theory, provided the first successful ra-

tionale for pyrene’s non-Kasha emission in the 1970s2,25,47,55. It is suitable for steady-state

processes and longer timescales, and inexpensive enough to allow for quantum nuclear treat-

ment, typically within the rigid rotor-harmonic oscillator (RRHO) model. However, this

approach requires a priori knowledge of the critical points (equilibrium structures, conical

intersections) of the relevant potential energy surfaces (PESs). Moreover, electronic struc-

ture methods capable of providing potential energy surface and derivative couplings accurate

enough to test vibronic perturbation theory for molecules of the size of pyrene have become

available only in the recent past.

Semiclassical NAMD simulations72,77 using high-level electronic structure methods to

compute energies, gradients, and nonadiabatic couplings on-the-fly were pioneered by Lischka

and co-workers6,48 and have been increasingly used to study ultrafast processes far from

equilibrium. While NAMD simulations require little prior knowledge and can be considered

“computational experiments”, longer timescales in the ps to ns regime are computationally
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demanding for larger polyatomic molecules. Recently, Isborn and co-workers86 have shown

that NAMD simulations may fail to reproduce vibronic effects which can be attributed to the

fact that the nuclei are treated semiclassically.86 Vibronic effects in the emission spectrum

of pyrene have been studied extensively19,27,33,35,37,50 and thus offer a good test case for a

comparative assessment of equilibrium response theory vs. NAMD simulations.

A recent study by Barbatti and co-workers13 used NAMD simulations with the second-

order Algebraic Diagrammatic Construction (ADC(2))67,76 to study the non-Kasha fluores-

cence of pyrene in the gas phase. The couplings between the electronic states were calculated

using the local diabatization algorithm62 and the spectrum was calculated by averaging over

a large number of time steps. The non-Kasha fluorescence was found to result from a dy-

namic equilibrium between the S1 and S2 states, leading to a significant contribution from

the bright S2 state in the emission spectrum. The strong nonadiabatic coupling between

the S1 and S2 states suggests the presence of an accessible conical intersection (CI) between

S1 and S2 adiabatic PESs. Maeda and co-workers39 investigated CIs between the ground

(S0) and the S1 states of pyrene and similar polycyclic aromatic hydrocarbons and found a

correlation between the energy barrier to the CI and the fluorescence quantum yield. Robb

and co-workers75 explored the CI between the first two excited states of the pyrene radical

cation to understand its role in the diffuse interstellar bands. The existence of such a CI and

its role in the S2 to S1 ultrafast relaxation was studied by de Vivie-Riedle and co-authors65

using both semiclassical and quantum dynamics simulations.

A key question addressed in this work is whether the non-Kasha fluorescence of pyrene

can be understood in terms of static vibronic mixing or whether it is a fundamentally dy-

namic effect resulting from an equilibrium between the S1 and S2 states. We simulate the

emission spectrum of pyrene by vibronic perturbation theory using parameters obtained

from time-dependent density functional theory (TDDFT) calculations. We also perform

fewest-switches surface hopping (FSSH) NAMD simulations77 at the same level of electronic

structure theory.60,66,72,74,81 In Section II, we describe the theoretical methods used in this

study. In Section III, we present the results of our vibronic perturbation theory and NAMD

simulations. These two approaches are compared in Section IV, and we present conclusions

in Section V.
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II Methods

A Vibronic Perturbation Theory

Conventional vibronic perturbation theory uses fixed-position (crude adiabatic) Born-Oppen-

heimer10,38,44 (BO) wavefunctions as the basis for the perturbation expansion and treats the

dependence of the electronic wavefunction on the nuclear coordinates as a perturbation.2,25

The zero-order terms in the perturbation expansion are the Franck–Condon (FC) contri-

butions, while the first-order terms are the Herzberg–Teller (HT) terms. In this paper, we

start from adiabatic BO electronic states within the RRHO (rigid rotor harmonic oscillator)

approximation as our zero-order states in the spirit of Ref. 54. The BO RRHO spectra

including FC factors and Dushinsky rotation are efficiently computed using the generating

function approach70,73. We then consider HT coupling and first-order nonadiabatic couplings

(FONAC), Fnm = ⟨Φn| ∂∂RΦm⟩ with respect to nuclear coordinates R between adiabatic states

Φn and Φm as a perturbation. Within the dipole approximation, the isotropically averaged

first-order photon emission rate from a fixed initial state i is given by54

σem(ω) =
4ω3

3c3

∑
f

|µif |2G(ω − ωif ). (1)

The transition dipole moment

µif = ⟨Ψi|µ̂|Ψf⟩ (2)

is defined in terms of eigenstates of the full molecular Hamiltonian, Ψi and Ψf , whose energy

difference is ωif . ω denotes the emission energy, G(ω) is a normalized lineshape function,

and c denotes the speed of light. Atomic (Hartree) units are used throughout; in these units,

energies and (angular) frequencies are identical, since ℏ = 1. Eq. (1) can be extended to

finite temperature by considering an ensemble initial state54.

We expand the transition dipole moment µif around its BO-RRHO value µ
(0,0)
if as

µif = µ
(0,0)
if + µ

(0,1)
if + µ

(1,0)
if + µ

(1,1)
if + higher-order terms. (3)

µ
(0,1)
if accounts for the first-order HT correction to µ

(0,0)
if , whereas µ

(1,0)
if corrects for FONAC;

µ
(1,1)
if is a second-order correction taking both effects into account. Computing the HT

corrections using finite differences for the S1 state of pyrene is numerically nontrivial and
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requires careful convergence studies, see Supporting Information (SI). FONAC corrections

were evaluated using analytical first-order nonadiabatic couplings56,60,68; the only intermedi-

ate state giving rise to significant nonadiabatic couplings at the S1 minimum structure is S2.

The thus obtained HT corrections to the transition dipole moment were found to be more

than two orders of magnitude smaller in magnitude than the FONAC corrections. Moreover,

µ
(1,0)
if and µ

(0,0)
if are orthogonal by symmetry. The lowest-order correction to the BO-RRHO

emission spectrum of pyrene is thus

∆σem(ω) =
4ω3

3c3

∑
f

|µ(0,1)
if |

2G(ω − ωif ). (4)

The lineshape was assumed to be Gaussian with an empirically chosen root mean square

(RMS) width of 0.058 eV. The theoretical spectrum was red-shifted by 0.45 eV to facilitate

comparison to the experimental spectrum4.

B NAMD Simulations

Electronic Structure Multi-state NAMD simulations60,72 were performed using the fewest-

switches surface hopping methods using density functional theory (DFT) with the PBE0

functional61 along with D3-dispersion corrections.36 Excitation energies7,28,30,40, excited-state

gradients29,31,32, ground-to-excited state FONAC vectors68 were computed using the Tamm–

Dancoff approximation (TDA)20,23,40,69. The TDA approximation to TDDFT is known to

describe the La and Lb states of polycylic aromatic hydrocarbons more accurately than full

TDFFT and also provides reliable absorption and fluorescence spectrum band shapes14,41,83.

The FONAC vectors between excited states were computed from quadratic response TDDFT

in the wavefunction approximation56,58–60. def2-SVPD basis sets were used for carbon64,84,

and def2-SVP basis sets were used for hydrogen84. The initial conditions for the NAMD

simulations were sampled from a 10 ps long ground-state molecular dynamics simulation af-

ter an equilibration period of 0.5 ps. The ground-state calculations used def2-SVP basis sets

throughout. The molecular dynamics trajectories were propagated using the leapfrog Verlet

algorithm79 with the time step of 20 a. u. The same time step size was used for the propa-

gation of NAMD trajectories. A microcanonical ensemble of trajectories was initiated from

both S1 and S2 states to replicate the excited state dynamics of pyrene in a collision-free
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regime. All calculations were performed with the TURBOMOLE program suite, Version

V7.51,26. The NAMD simulations were performed using TURBOMOLE modules such as

EGRAD31 and FROG24,71.

Trajectory Analysis and Spectroscopic Observables The electronic properties of a

trajectory at any given time are determined by a single Born–Oppenheimer electronic state,

referred to as the active state. The instantaneous population pm(t) of an electronic state Sm

(m = 0 corresponds to the ground state) was computed from the proportion of trajectories

with active state m at time t. The lifetime of the S2 state was estimated by fitting the

decay of the state population to an exponential function. The 95% confidence intervals

for the state populations were calculated using bootstrap resampling with 10 000 bootstrap

samples.51,52,60

The fluorescence emission spectrum was computed by averaging the instantaneous emis-

sion spectrum over the trajectory ensemble18 after an initial equilibration period of 0.5 ps.

Instantaneous emission spectra were evaluated according to Eq. (1), using the excitation en-

ergies and electronic BO transition dipole moments of the active state. A Gaussian linewidth

function with an empirical RMS linewidth of 0.01 eV was used. The theoretical spectrum

was red-shifted by 0.45 eV to facilitate comparison to the experimental spectrum4.

Conical Intersection and Intersection Space The minimum energy CI (MECI) be-

tween the S1 and S2 adiabatic states was obtained using the CI optimization algorithm of

Maeda and co-workers49 implemented in the ORCA program package53. The energy gap,

E2 −E1, at the MECI was found to be less than 1meV, which is on the same order of mag-

nitude as the convergence criterion used for the excited state calculations. The intersection

space vectors, the nonadiabatic coupling (h) and the difference gradient (g) were computed

at the S1/S2 MECI geometry. The g and h vectors were used to generate a 12× 12 2D grid

of pyrene structures centered on the MECI structure by nuclear displacement in Cartesian

space. At each grid point, a single-point TDDFT calculation was performed. The minimum

energy structures of the Sm (m = 0, 1, 2) were optimized. All calculations were performed us-

ing the TDA approximation to TDDFT with the PBE0 functional, def2-SVPD basis set and
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D3-dispersion corrections. The projections of these critical points on the two-dimensional

intersection space were located by minimizing the root mean square distances (RMSD) be-

tween optimized global minimum energy structures and the ones from the generated PES.

The RMSD between two structures were computed using the quaternion algorithm82 using

the open-source rmsd program46.

III Results

A Excited States of Pyrene

The two lowest-lying adiabatic electronic excited states (S1 and S2) of pyrene are involved in

the photoexcitation and photoemission process in the UV-visible region. These two adiabatic

electronic states have either bright La or dark Lb diabatic state characters with the transition

dipole moment aligned along the short and long axis of the molecule respectively according

to Platt’s notation27,63. We observed that the La state mainly results from a highest occupied

molecular orbital (HOMO) to lowest unoccupied molecular orbital (LUMO) transition while

the Lb state mainly results from a near equal mixture HOMO to LUMO + 1 and HOMO-1

to LUMO transitions in agreement with previous computational studies57. At the ground

state minimum or the FC point, S1 has dark Lb diabatic state character and S2 has bright

La diabatic state character. The two excited states were optimized starting from the FC

point. The S1 and S2 states were found to have the same Lb and La diabatic state characters

at the ground state, S1 and S2 minimum energy structures and at the MECI between the

S1 and S2 states. The molecular orbitals involved in the S0 → S1 and S0 → S2 transitions

at the critical point structures have been included in Section I of the SI. The comparison

between vertical excitation energies and absorption spectra at the TDA/PBE0 level with

experimental results has been included in Section I of the SI as well.

B NAMD Trajectory Analysis

An ensemble of ntraj = 40 trajectories was propagated for T = 2000 time steps (corresponding

to 1 ps) after initial excitation to the S2 state. Starting on the S2 state, pyrene quickly
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populated the S1 state, while the S2 population decayed exponentially with a lifetime of 40 fs

(Table 1). This is comparable to the experimental lifetime of 85 fs computed using transient

absorption spectroscopy11. After the S2 → S1 relaxation, the further transfer to the S0 state

was too slow to produce reliable statistics. The experimental lifetime of the S1 state of pyrene

measured in degassed solvent was found to be 354 ns17. However, two separate regions of

the S1 PES could be identified in the simulations based on the comparison of the oscillator

strengths f1 and f2 of the S1 and S2 states, respectively. The structures with f1 < f2 were

considered as having Lb (dark) character
63, while the structures with f1 ≥ f2 were assigned

to the La (bright) character. The transition dipole moment vectors of the structures with La

character were found to be parallel to the short axis of the molecule, while the vectors of the

structures with Lb character were parallel to the long axis of the molecule. The structures

from the trajectories evolving on the S2 state were found to have La character.

The S1 state with dark Lb character predominated in the trajectory ensemble (94.83%,

Table 1). The average occupation of the S2 state was small (2.35%), reflecting the fast

relaxation to the S1 state. The trajectories also occupied the S1 state with La character

(0.91%). The remaining occupation can be attributed to a single trajectory which switched

to the ground state after 600 fs (Figure 2, Table 1).

Figure 1: The population of the S1 and S2 states of pyrene as a function of time. The shaded

regions indicate the 95% confidence intervals obtained by bootstrap resampling.
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State m p̄m[%] Ēm, eV f̄m

S2 2.35 3.73 0.281

S1 (La) 0.91 3.68 0.356

S1 (Lb) 94.83 3.62 0.010

S0 1.90 0.0 0.0

Table 1: State occupations, p̄m, average energies, Ēm, and oscillator strengths, f̄m, (length

gauge) of the Sm, m = 1, 2, states of pyrene from NAMD simulations with ntraj = 40

trajectories and simulation time T = 1ps after an equilibration period of 0.5 ps.

C NAMD Fluorescence Spectrum

The spectrum exhibits two separate bands. The low-energy band (< 3.4 eV) is higher in

intensity and is attributed to emission from the S1 state with Lb character. The high-energy

band (> 3.4 eV) contains emission from S1 and S2 states with La character (Figure 2).

However, the thus obtained spectra depend on the lineshape function: Smaller linewidths

lead to a distinct shoulder in the high-energy region but fail to reproduce the low-energy tail

of the spectrum, whereas the high-energy shoulder is obscured when using larger linewidths

that more adequately reproduce the width of the experimental spectrum. Although, NAMD

accounts for anharmonicity to a certain degree the computed spectrum lacks the vibrational

structure present in the experimental spectrum which is reproduced by the VPT S1 (BO)

spectrum (Figure 3).

D Vibronic Perturbation Theory

The simulated fluorescence spectrum of pyrene using the vibronic perturbation theory ex-

pression, 4, is shown in Figure 3. The lower-energy band is due to FC transition from

the relaxed S1 state with Lb character. The adiabatic excitation energy of the S1 state is

Ead
1 = 3.72 eV, and the norm of electronic transition dipole moment is |µ01,el| = 0.104 a.u.

The high-energy shoulder arises from the first-order correction ∆σem due to FONAC of the

S1 and S2 states. The S1 and S2 states are coupled by a single “promoting” mode which is

nearly parallel to the FONAC vector (Figure 4).
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(a)

(b)

(c)

Figure 2: Fluorescence emission spectrum of pyrene simulated by NAMD in comparison

with experiment4. The relative experimental intensities were scaled to match the vibronic

perturbation theory intensities, see Fig. 3. Lorentzian linewidths of (a) 0.005 eV, (b) 0.01

eV, and (c) 0.03 eV were used. All computed spectra were red-shifted by 0.45 eV to facilitate

comparison with experiment.
11



Figure 3: Fluorescence emission spectrum of pyrene obtained from vibronic perturbation

theory in comparison with experiment4. The relative experimental intensities were scaled to

match the computed intensities. The zero-order BO spectrum was determined by FC simu-

lations using the generating function approach70, whereas the FONAC correction ∆σem was

simulated using a Lorentzian centered at the adiabatic S2 excitation energy with a linewidth

of 0.15 eV. All computed spectra were red-shifted by 0.45 eV to facilitate comparison with

experiment.

Figure 4: The promoting mode, i.e., the S1 normal model with largest overlap with the

S1-S2 FONAC vector. Displacements are indicated by arrows. All displacements are in the

molecular plane.
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The S2 emission energy is determined by computing the difference in energy between the

initial and final vibronic levels of the S2 and S0 states, which is equal to the adiabatic excita-

tion energy of the S2 state is Ead
2 = 3.86 eV. The corresponding electronic transition dipole

moment norm is |µ02,el| = 1.778 a.u. The magnitude of the Herzberg–Teller contribution

terms |µ(0,1)
if | = 0.0004 and |µ(1,1)

if | = 0.0002 were found to be small in comparison to the

FONAC terms |µ(1,0)
if | = 0.05, due to the weak dependence of the the electronic transition

dipole moments of the S0 → S1 and S0 → S2 transitions on the nuclear coordinates. The

S1 (BO) contribution of VPT spectrum includes the vibrational structure of the spectrum

computed using the harmonic approximation (FC spectrum). Due to the limitations of the

current implementation of VPT, the ∆σem contribution to the spectrum does not include

the computation of the vibrational structure and instead the S2 adiabatic excitation energy

is used as an approximation to the emission energy. The full set of simulation results is

presented in the Section III of the SI.

E Intersection Space

The energetic and emission parameters of the S1 and S2 states of pyrene in the intersection

space are shown in Figure 5. The changes in the oscillator strengths illustrate that the

character of the S1 state switches from dark Lb to bright La and vice versa for the S2 state.

Due to the rigidity of the pyrene molecule, the minimum-energy structures of the excited S1

and S2 states, as well as the S0 ground state (FC point), exhibit a high degree of structural

similarity. The MECI structure lies 0.12 eV higher than the S1 energy minimum and 0.01 eV

higher than the S2 minimum. Moreover, the FC point of the S1 PES is only 0.08 eV above the

MECI, see Table 2. The energy differences are approximately preserved in the intersection

space, which indicates the the two-dimensional representation captures the essential features

of the full multidimensional PESs in the vicinity of the CI.

IV Discussion

The interpretation of the non-Kasha behavior of pyrene differ depending on the theoretical

framework used. NAMD simulations of pyrene indicate that the high-energy shoulder in
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Figure 5: Energies of the S1 and S2 excited states of pyrene in the intersection space around

the S1/S2 minimum energy conical intersection (MECI). The projections of the S0 energy

minimum (FC point), S1, S2 energy minima energy structures, and the MECI point are

shown. Insert: Enlarged view of the vicinity of the MECI, with energies the S1 and S2 states

shown on a color scale.

Structure Em [eV] E ′
m [eV]

FC 3.956 3.876

S1 min. 3.752 3.845

S2 min. 3.861 3.870

MECI 3.873 3.873

Table 2: Electronic energies, Em, (eV) of the Sm, m = 1, 2 energy minima, the minimum

energy conical intersection (MECI) point, and the FC point of pyrene and energies E ′
m of

the critical point projections on the intersection space. All energies are given relative to the

ground-state S0 minimum energy. No vibrational energy corrections were applied.
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Figure 2 can be explained in terms of a reverse internal conversion S2 → S1, as previously

suggested by Barbatti and co-workers13, but also as a result of the change in state character

of the S1 state between Lb (dark) and La (bright). As Table 1 shows, the average oscillator

strength of the region of the S1 PES with La character is comparable to that of the S2 state,

which results in a non-negligible contribution to the high-energy emission, see Figure 2.

NAMD is suitable for simulating the non-Kasha behavior involving emission from multiple

electronic states as it requires the description of several excited state transitions. Pure BO

excited state MD is less suitable for this purpose as such simulations are restricted to the

PES of a single electronic state and offers minor computational advantage.

Equilibrium response theory is generally far less computationally demanding than NAMD

simulations. Approaches such as the FC and the Franck–Condon Herzberg–Teller (FCHT),

usually only include emission occurs from the lowest-lying electronic excited state.5,22,73 The

FCHT method additionally takes into account the variation of the transition moment with

respect to nuclear displacements. However, the FC and FCHT do not adequately describe the

vibronic effects in emission spectrum of pyrene.27,33 The present results show that vibronic

perturbation theory provides an accurate description of the fluorescence spectrum of pyrene,

including the high-energy shoulder, if (i) the HT couplings are accurately computed, (ii) the

nonadiabatic coupling between the S1 and S2 states is included as an additional perturbation.

The inference that FONAC terms dominate HT terms is only possible if the HT couplings

are computed carefully. Implementations based on finite differences may provide erroneous

results due to large default displacement size as demonstrated by the results of the numerical

calculations in Section III of the SI. The correction to the transition dipole moment due to

FONAC, µ
(1,0)
if , is found to be 0.05 a.u. in magnitude, only slightly less than the zero-

order BO S1 transition dipole moment. The HT corrections are several orders of magnitude

smaller.

V Conclusions

Both NAMD and vibronic perturbation theory qualitatively capture the non-Kasha fluores-

cence of gas-phase pyrene. Strong nonadiabatic coupling between the S1 and S2 states is the
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origin of the non-Kasha fluorescence emission, even though the pictures emerging from both

approaches appear very different: The vibronic calculations show clear evidence of “intensity

stealing” by nonadiabatic mixing of the S1 and S2 BO states: Even at the S1 equilibrium

structure, the nonadiabatic coupling is strong enough to allow for virtual excitations into

low-lying excited vibrational levels of S2 which emit to the ground state. In the NAMD

simulations, on the other hand, the CI between S1 and S2 is crucial for the non-Kasha emis-

sion, because it enables population transfer between the two BO surfaces. While the picture

emerging from the NAMD simulations is intuitively appealing, it does not imply that the

non-Kasha fluorescence of pyrene is a fundamentally “dynamic” effect. Rather, our vibronic

perturbation calculations suggest that the S2 population observed in the semiclassical tra-

jectory simulations mimics the vibronic mixing between the “static” nuclear wavefunctions

of the two BO states.

Our results confirm semiclassical NAMD simulations as a valuable tool for mechanistic

discovery, because they can be run with relatively little user input and will capture a wide

variety of different mechanisms, at least if the timescale is short enough. Moreover, NAMD

simulations are fundamentally capable of describing transient processes far from equilibrium.

A major downside of NAMD simulations is their relatively high computational cost; also, the

resulting spectra typically lack structure and may show incorrect intensities due to the use

of semiclassical nuclei. The use of empirical lineshape functions is particularly problematic

for pyrene, because the relatively small high-energy shoulder disappears from the NAMD

spectrum for larger linewidths. Moreover, while including thermal effects in NAMD simula-

tions is straightforward, it can be difficult to distinguish them from nuclear quantum effects,

which are treated on the same footing within FSSH. While more sophisticated treatments of

nuclear quantum effects8,85 may address these issues, they are even more resource-intensive

than semiclassical NAMD.

Equilibrium response theory is much more confined in scope, but rather inexpensive com-

pared to NAMD simulations when using electronic structure methods of similar complexity.

In particular, the results of this work suggest that extending existing efficient approaches

for the calculation of FC spectra70,73 to incorporate nonadiabatic effects may be worthwhile,

particularly for the simulation of high-resolution steady-state spectra. Since NAMD sim-
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ulations and vibronic perturbation theory are complementary, they can be synergistically

combined in a two-step approach: NAMD simulations can be used initially to “scout” the

potential energy surfaces and qualitatively identify key mechanisms and stationary points of

interest, followed by more refined vibronic calculations yielding accurate spectral intensities.
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