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Introduction

The ability to compute the properties of a molecule in an
electronically excited state is critical for understanding and
predicting the behavior of photochemical processes. This project
focuses on using quantum-chemical methods to investigate the
excited-state properties of 4-cyclopentene-1,3-dione (4CPD). Our
calculations will characterize vibrational frequencies in the excited
state, and we will compare the results to known experimental data.
While this is our eventual goal, the work we have done thus far is a
validation of the computational methods available for the ground
state of 4CPD. A baseline knowledge of how to calculate accurate
ground state properties will then allow us to apply our methods to
the excited state. We are testing two computational methods: one
approach combines unrestricted coupled-cluster singles and
doubles (U-CCSD) with unrestricted density functional theory (U-
DFT), and a second approach uses U-DFT on its own. We are
assessing the performance of these methods in terms of their
computational efficiency and accuracy for determining vibrational
frequencies of 4CPD. This will enable investigators to make rational
choices when planning calculations on similar systems.

Model of 4-cyclopentene-1,3-dione in its ground state

Computational Methods

We carried out harmonic-frequency calculations for the ground and
T,(n, m*) excited state of 4CPD using the CCSD and CCSD(T) methods
with the cc-PVTZ and cc-pwCVTZ basis sets. We estimated anharmonic
corrections through various DFT methods, namely B3LYP, PBEO, CAM-
B3LYP, and B2PLYP.

We used the Q-Chem' computational chemistry package for initial
CCSD harmonic calculations and CFOUR? for final CCSD(T) optimization
and frequency calculations.
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Approaches and Results
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We also completed harmonic-

We calculated harmonic frequencies (in
cm-" units) for the ground state of
4CPD using the CCSD/cc-pVTZ method
and compared to experimental® values.
As shown in the table at left, the
computed harmonic frequencies are
generally larger than observed. This is
because the harmonic model does not
account for the anharmonicity found
naturally in chemical bonds. Therefore,
anharmonic corrections must be made
so that our calculations can achieve
optimum agreement with experiment.

We alternatively made DFT anharmonic corrections to the CCSD/cc-pVTZ
calculation, bringing its absolute error down by about 9 cm', compared to
purely harmonic results. Anharmonic frequencies (cm-') are shown below.

Abs. Error
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B3LYP Abs. Error CAM-B3LYP
92.445 6.555
248.989 9.989
391.808 6.808
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frequencies using DFT and included
DFT anharmonic corrections. The
frequencies from four different
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methods are shown in the table below
in cm-! units. The absolute errors are
obtained from the difference between
the computational value and the value
obtained experimentally (see table

above for experimental values). Because anharmonic corrections are made in the
case of the DFT calculations, the computed frequencies values more closely match
experimental values.
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While some of the pure DFT approaches have a lower absolute error than the
hybrid methods above, we predict that this will change as the accuracy of the
harmonic calculation is increased. We will increase the ordinal value of the coupled-
cluster method for calculating electron correlation and extrapolate to the complete
basis set limit. When we have done this and corrected the results for anharmonicity
using a DFT method, we expect that our results will be closer to the experimental
values than pure DFT methods. By contrast, there is no way to increase the accuracy
of the harmonic component of pure DFT calculations.

We are now using CFOUR instead of Q-Chem to prepare for the transition from
CCSD calculations to CCSD(T) calculations. We reran the CCSD/cc-pVTZ harmonic
calculation as a parallelized finite-difference frequency calculation to confirm that it
saves time but provides the same results as those obtained using Q-Chem. Now
that this is confirmed, we can begin calculations at a higher level of theory using
CCSD(T).

Future Work

The ground-state calculations reported here serve as a solid foundation from
which to build our excited state calculations. The long-term goal is to work up the
accuracy of excited state calculations in the same way as we have the ground
state. The ability to compute the properties of molecular excited states is
important for predicting photochemistry, especially because it is difficult to
characterize the excited states experimentally. Accurate computational results will
increase the knowledge of excited-states properties in a feasible and sustainable
way.
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