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Abstract

We previously studied the effect of 4' substitution in iron(II)-bis-terpyridine complexes, showing that the photoexcited high-spin quintet-

state is stabilized by electron-donating substituents. In this paper we explore the effects of electron-donating ( X = NH2 , Cl ) and withdrawing 

( X = NO2 ) substituents in the 5,5" positions on the stability and lifetime of the quintet-state. We used a simple densitiy-functional theory 

(DFT) based method that had been proven fairly accurate in the case of 4' substitution to estimate the energy barrier of the quintet-singlet 

transition and thereby predict the quintet state lifetime. We synthetized the complexes and used ultrafast transient optical absorption 

spectroscopy to experimentally determine the quintet lifetimes, in order to test the applicability of these quantum-chemistry based 

predictive methods for these side-ring substitution cases. UV-Visible spectra of the complexes have shown that the metal-to-ligand 

charge transfer (MLCT) and ligand-localized transitions of these complexes change according to the previous observations. We have 

shown that in the 5,5" positions, electron withdrawing groups stabilize the quintet state, while donating groups destabilize it. This is in 

stark contrast to the effects previously observed for the 4' case, and indicates that unlike the latter case, the simple concept of inductive 

and mesomeric effects may not be adequate to describe the changes due to 5,5" substitution, warranting further study of the area.

Keywords

coordination complexes, iron, substituent effects, spin state transition, molecular engineering, terpyridine, transient absorption 

spectroscopy, pump-probe spectroscopy

1 Introduction
Transition metal based compounds have long been in 
the focus of efforts to develop molecular devices for var-
ious purposes, such as molecular switches and mem-
ory devices  [1–5], or catalysts and light-harvesting sys-
tems [6–10]. In this respect the main characteristic of these 
molecules is that, being photoactive compounds, they can 
be conveniently activated or deactivated with light irradi-
ation. Many of the more advanced compounds studied for 
these purposes employ 5th and 6th row transition metals, 
but from an environmental and economical point of view 
there is certainly a necessity to try and utilize more abun-
dant and less harmful alternatives, such as iron.

Our primary interests are Fe(II)-based coordina-
tion complexes with a low-spin (singlet) ground-state at 
room temperature (see in Scheme 1). These complexes 
can be switched to a high-spin (quintet) state either ther-
mally or by light irradiation. This state is short-lived, 

but can become metastable at extremely low tempera-
tures, the phenomenon being referred to as light-induced 
excited spin-state trapping (LIESST) [11–13]. Similar 
results at room temperature have not yet been achieved. 

Scheme 1 Schematic structure of the studied complexes
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Such complexes could be utilized as molecular switches in 
ultrafast memory devices.

The 2,2';6',2"-terpyridine (terpy) ligand [14, 15] and 
its derivatives are the main area of interest for our group. 
It was demonstrated that its complex with Fe(II) can have 
a very long-lived quintet state below 30 K [16, 17]. To tune 
the quintet-lifetime at higher temperatures, we explore 
the effects of various substituents at different positions. 
By learning more about the effect of these substituents we 
can come closer to ways to obtain long-lived quintet states 
at close to room temperatures as well.

Upon photoexcitation with green or blue light the 
[Fe(terpy)2]

2+ complex is promoted to a singlet metal-to-li-
gand charge transfer (MLCT) state, followed by multi-step 
relaxation comprised of ultrafast (sub-picosecond) transi-
tions through MLCT and metal-centered (MC) states until 
the metastable quintet 5MC state is reached. A detailed the-
oretical study by our group has shown that the dominant 
relaxation process is the 1MLCT → 3MLCT → 3MC( 3T2g ) 
→ 3MC(3T1g) → 5MC route [18]. From this point, the system 
returns to the singlet ground-state.

We previously studied the effect of electron-withdraw-
ing  ( EW ) and donating ( ED) substituents on the quin-
tet-state lifetime of the [ Fe(4'-R-terpy)2 ]

2+ system  [19] 
and conducted a rigorous study on the effects of the 
Cl-substituent at various positions [20]. These studies have 
confirmed that modifications at positions with para-rela-
tion to the axial nitrogen ( Nax ) in the central ring can induce 
significant changes in the potential-energy surface (PES). 
ED groups in the 4' position stabilize the quintet state and 
lengthen its lifetime by increasing the classical energy bar-
rier of the transition, best described along the coordinates 
of the breathing mode [19], while EW groups shorten it due 
to their opposite effect [21]. Among the combined Fe–N 
bond stretchings of the breathing mode, the Fe–Nax bond 
length is important, because the axial nitrogen is closer to 
the central Fe2+ ion than the equatorial nitrogens ( Neq ) of 
the side-rings [15], thus becoming a sensitive descriptor to 
the stability of the various states of the complex. This effect 
of substitution upon the energy barrier was shown to origi-
nate from the change in the quintet-singlet energy gap.

The subject of the present study is the effect of sym-
metric substitution in the 5,5" positions of the side-rings. 
The Cl substituent was previously shown to act in a simi-
lar manner in both the 4', and the 5,5" positions, lengthen-
ing the quintet lifetime in both cases [20]. However, as Cl 
is a substituent with a medium-strength −I and a weak +M 
effect, we have concluded that groups with stronger effects 

need to be studied as well, since we may expect interest-
ing behavior from these. Therefore, here we study the 
effects of NO2 (strong –I and –M effects) and NH2 (weak –I 
and strong +M effects) groups in addition to the Cl atom. 
We synthesized the complexes and followed their photo-
relaxation using transient optical absorption spectroscopy 
(TOAS). Based on the calculations and previous experi-
mental results [15, 18, 20], it can be safely assumed that 
the final relaxation step with lifetimes in the nanosecond 
range belongs to the quintet-singlet relaxation process in 
all complexes discussed in this paper. We also provide cal-
culation-based predictions of these lifetimes using simple, 
but qualitatively accurate methods to further verify their 
applicability in case of side-ring substitutions. UV-Visible 
spectroscopy measurements were also performed as the 
positions of the absorption bands pertaining to the MLCT 
transitions had previously also been shown to be depen-
dent on the EW/ED effects of the substituent moieties [20].

With this study we aim to broaden our understanding 
of the connection between the changes in the PES (and 
consequently the quintet-state lifetime) and the substituent 
effects. Doing so we can extend our arsenal of methods to 
eventually be able to tune the excited-state properties of 
Fe(II)-bis-terpyridine and analogous complexes precisely 
and accurately according to any specific need, bringing us 
closer to their application as room-temperature photoacti-
vated molecular devices.

2 Experimental and theoretical methods
2.1 Syntheses of the complexes
2,2':6',2"-terpyridine was purchased from Sigma-Aldrich, 
the other derivatives were obtained from EVOBlocks 
Ltd, Budapest. Methanol and acetonitrile were pur-
chased from Molar Chemicals. Toluene, NH4PF6 , NH4BF4 , 
Fe(BF4)2·6H2O, FeCl2·4H2O, Celite 545, and silica-gel 
TLC plates were purchased from Sigma-Aldrich. 

In all cases TLC test of the final product was performed 
on a silica gel plate to confirm the absence of side products 
and contaminations. The eluent used was a 4:1:1 mixture 
of acetonitrile, methanol, and water saturated for KNO3. 
1H NMR measurements have shown that the products con-
tain significant amounts of solvent in their crystals.

2.1.1 C1: [Fe(5,5"-di-NH2-terpy)2]( BF4 )2

2,2':6',2"-terpyridine-5,5"-diamine (0.193 g, 0.733 mmol) 
was dissolved in 50 ml of acetonitrile. Fe( BF4 )2·6H2O 
(0.120 mg, 0.355 mol) was dissolved in 5 ml of water and 
added to the ligand solution. The reaction mixture was 
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stirred at room temperature for 4 hours. TLC tests have 
shown that the mixture contains a small amount of Fe(III) 
contamination. The reaction mixture was filtered on a G4 
fritted funnel with Celite layered on the frit. This process 
removed the brownish-yellow Fe(III) contamination by 
adsorbing it on the Celite layer. A TLC test was performed 
on the filtrate, which confirmed the absence of contam-
ination. The solution was evaporated from the filtrate at 
313 K and the solid was dried at 333 K. The products were 
purplish-red crystals (0.251 g, 0.343 mmol, 96% yield).

1H NMR (400 MHz, Acetonitrile-d3) δ [ppm] 8.41–8.34 
(m, 2H), 8.05 (d, J = 8.6 Hz, 1H), 6.97 (dd, J = 8.8, 2.5 Hz, 
1H), 6.39 (dd, J = 2.5, 0.5 Hz, 1H).

13C NMR (101 MHz, Acetonitrile-d3) δ 161.1, 148.0, 
147.0, 138.9, 137.7, 124.7, 121.8, 119.1.

2.1.2 C2: [ Fe(terpy)2 ]( BF4 )2

The preparation of [ Fe(terpy)2 ]Cl2 was presented in our 
previous paper [19]. [ Fe(terpy)2 ]Cl2 (0.424 g, 0.714 mmol) 
was dissolved at room temperature in H2O and NH4BF4 
was added to the solution in great excess to precipitate 
[ Fe(terpy)2 ]( BF4 )2. The resulting purple solid was removed 
from the dispersion by filtration on a G4 glass fritted fun-
nel. The product was washed with water and dissolved 
from the frit with acetonitrile. The solvent was evaporated 
at 313 K and the solid dried at 333 K. The products were 
purple crystals (0.488 g, 0.359 mmol, 98% yield).

1H NMR (400 MHz, Acetonitrile-d3) δ [ppm] 8.92 (d, 
J = 8.0 Hz, 2H), 8.68 (t, J = 8.0 Hz, 1H), 8.48 (d, J = 8.0 
Hz, 2H), 7.88 (m, 2H), 7.07 (m, 4H).

13C NMR (101 MHz, Acetonitrile-d3) δ 161.2 158.7, 
154.0, 139.7, 138.9, 128.3, 124.7, 124.6.

2.1.3 C3: [ Fe(5,5"-di-Cl-terpy)2 ]( PF6 )2

The preparation of [Fe(5,5"Cl-terpy)2](PF6)2 was presented 
in our previous paper [20].

1H NMR (400 MHz, Acetonitrile-d3) δ [ppm] 8.90 (d, 
J = 8.1 Hz, 2H), 8.70 (t, J = 8.1 Hz, 1H), 8.41 (d, J = 8.7 Hz, 
2H), 7.92 (dd, J = 8.7, 2.2 Hz, 2H), 6.88 (d, J = 2.2 Hz, 2H).

13C NMR (101 MHz, Acetonitrile-d3) δ 160.75, 157.47, 
152.89, 139.96, 139.68, 135.52, 125.55, 125.53.

2.1.4 C4: [ Fe(5,5"-di-NO2-terpy)2 ]( BF4 )2

5,5"-dinitro-[2,2':6',2"-terpyridine] (0.297 g, 0.920 mmol) 
was dispersed in 50 ml of acetonitrile. Fe(BF4)2·6H2O 
(0.150  g, 0,444 mmol) was dissolved in 10 ml of meth-
anol, and added to the ligand dispersion. The reaction 
mixture was stirred at 343 K for 2 hours, and a further 
12 hours at room temperature. The reaction mixture was 

filtered on a G4 fritted funnel. The solution was evapo-
rated from the filtrate at 313 K and the solid was dried at 
333 K. The products were blueish-purple crystals (0.315 g, 
0.359 mmol, 81% yield).

1H NMR (400 MHz, Acetonitrile-d3) δ [ppm] 9.24 (d, 
J = 8.1 Hz, 2H), 8.95 (t, J = 8.1 Hz, 1H), 8.73 (d, J = 8.8 Hz, 
2H), 8.61 (dd, J = 8.8, 2.3 Hz, 2H), 7.55 (d, J = 2.2 Hz, 2H).

13C NMR (101 MHz, Acetonitrile-d3) δ 163.0 160.5, 
150.5, 146.6, 140.8, 135.6, 128.6, 125.8.

2.2 Sample characterization
UV-Visible spectra of the complexes were measured with 
a  Jasco V-750 UV-Visible spectrophotometer in aceto-
nitrile solutions with concentrations of 0.02–0.03 mM, 
in 10 mm optical path-length quartz cuvettes.

1H and 13C NMR spectra were recorded on a Varian 
NMR System 400 spectrometer in CD3CN (Sigma-Aldrich) 
at 298  K. Measurements were performed using an indi-
rect detection Z probe. The chemical shifts are referenced 
to the residual solvent signal at 1.94 ppm. The 1H NMR 
spectra of C2 is consistent with that which Elsbernd and 
Beattie [22]. measured in D2O, and the chemical shift val-
ues are virtually equal with the ones presented in [23], 
measured in CD3CN. The spectrum of C3 is consistent 
with that of [Fe(5,5"-di-Cl-terpy)2]Cl2 in our previous arti-
cle [20]. C1 and C4 are new complexes and have no previ-
ously published NMR results available.

2.3 Computational details
For all the densitiy-functional theory (DFT) calculations 
presented in this work the ORCA 5.0.0 [24–26] quantum 
chemistry program package was utilized.

For both the low spin and high spin state of the complexes 
geometry optimization was performed with the B3LYP* 
functional [27] using the TZVP basis set. B3LYP* is 
a hybrid functional that contains 15% Hartree-Fock exact 
exchange contribution and is known to provide satisfac-
tory energies for iron complexes. The RIJCOSX [28, 29] 
approximation was also employed to reduce computa-
tional costs of using the B3LYP* hybrid functional.

Minimum energy crossing points (MECP) were also 
determined [30] between the aforementioned states. During 
MECP calculations both the geometry and the energy dif-
ference of the states involved were optimized. All the cal-
culations were started from the quintet minimum.

The conductor-like polarizable continuum model 
(CPCM) [31] implicit solvation method was applied in all 
the calculations mentioned above.
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2.3.1 Calculating the quintet→singlet energy barrier
Previously our group presented a simple, but in most 
cases adequately accurate method to estimate the quintet 
state lifetimes of substituted Fe(II)-bis-terpyridine com-
plexes [19]. The method relies on a semiclassical descrip-
tion of the relaxation process, explaining the lifetime to 
be inversely proportional to the quintet-singlet energy 
difference (ΔEHL ) [32]. With this method we make the 
assumption that only the energy difference of the quintet 
and singlet states changes with the substitution, and both 
the position and the shape of the PES remain that of the 
base molecule, C2. Thus using the potential energy sur-
face previously calculated along the quintet-singlet relax-
ation coordinate by the very accurate CASPT2 method 
for C2 [14], and shifting it according to the ΔEHL calcu-
lated by DFT the crossing point between these surfaces 
can be numerically determined. The difference between 
the crossing point and the quintet-state energy is the esti-
mate of the classical energy barrier �EX� �  for the quin-
tet-singlet relaxation, which at room temperature can be 
used to estimate the quintet-state lifetime [19]. For com-
parison, MECP calculations [30] were performed as well 
to determine the barrier height �E

MECP
� �.  Fig. 1 schemat-

ically displays the relationship between the quintet-sin-
glet energy difference and the height of the semiclassi-
cal barrier for the quintet-singlet transition. The ΔEHL of 
Complex A is higher than that of Complex B, resulting in 
a lower barrier height and shorter lifetime for the former.

To calculate the lifetime of the quintet→singlet relax-
ation, we use the Arrhenius equation, employing the bar-
rier heights as the activation energy needed for the process. 

With the assumption that the pre-exponential factors differ 
only negligibly for the complexes discussed, Eq. (1) can be 
used to calculate the lifetime of any complex relative to the 
base molecule, C2:

�
�
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��
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τi, ∆Ei  and τC2, ∆EC2  are the lifetime and calculated bar-
rier height of a selected complex and C2, respectively. k is 
the Boltzmann-constant and T is the absolute temperature.

2.4 Transient optical absorption spectroscopy
Femtosecond transient absorption measurements were 
carried out on our home-built spectrometer. The measure-
ment setup is shown in Scheme 2. The laser is a Spectra 
Physics Solstice Ace Ti:Sapphire amplifier which pro-
duces 35 fs pulses at 1 kHz repetition rate with a central 
wavelength of 800 nm. 700 mW of the laser output power 
is utilized for the spectroscopy setup. 90% of the beam is 
chopped at 500 Hz, delayed with a linear translation stage 
(Aerotech PRO225LM), and subsequently frequency-dou-
bled in a  β-barium-borate (BBO) crystal to produce the 
400  nm central wavelength pump beam. The  excitation 
power is fine-tuned using a continuously variable neu-
tral-density filter. The energy at the sample position was 
set within the range of 0.5–4 μJ depending on the inten-
sity of the transient signal observed. A fraction of the 
other 10% energy is used for white-light supercontinuum 
(WLC) generation in a sapphire crystal. This produces 
a  probe beam with a  430–750 nm effective wavelength 
range. Considering both pump and probe beams at sample. 
position, the temporal width of the instrument response 
function is estimated as ~70 fs over the entire spectrum.

The probe beam is split before the sample and regis-
tered shot-to-shot using CCD detectors. One beam inter-
acts with the sample and is used for measurement (signal 
beam). The second (reference) beam reaches the sensor 
unobstructed and is used to correct for fluctuations in 
the supercontinuum. A photodiode is used to monitor the 
intensity fluctuation of the pump beam, which is used to 
perform shot-to-shot correction. For each delay position 
1000 data points were measured, which were averaged 
during data pre-processing. Multiple scans (usually 5 to 9) 
were taken during each measurement, which were aver-
aged during data processing. Pump-only data points were 
taken to allow accurate baseline correction for each scan. 
The measurement control software, the pre-processing 
and the analysis scripts were in-house written.

‡

‡

‡ ‡

‡ ‡

Fig. 1 Quintet-singlet energy differences and their effect on the 
barrier heights
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The sample solution was circulated in a quartz flow cell 
with 0.5 mm optical path and 0.2 mm thick walls during 
the measurement. Measurements were carried out on ace-
tonitrile solutions of the complexes with concentrations 
pertaining to 0.7 optical density (OD) peak absorbance in 
the path length. 

The circulation was used to avoid sample degradation due 
to the long-term exposure to the laser beam. The thinned 
walls reduce the intensity and simplify the temporal struc-
ture of the coherent artifact (CA) [33, 34]. Since the topic 
of this paper is the quintet-state lifetime – which for sub-
stituted Fe(II)-terpyridine complexes we have shown to be 
in the order of nanoseconds [19, 20] – we utilized the full 
available delay stage length, allowing for measurement up 
to 10 ns of delay time. The step size used was 6.6 ps up 
until 60 ps of delay, where it was increased to 66 ps for 
the rest of the path length. The group-velocity dispersion 
(GVD) and the coherent artifact can be disregarded for the 
quintet-lifetime determination. The latter occurs in the first 
100 fs, and is skipped entirely during these measurements, 
while the former is not relevant when using a narrow wave-
length range for fitting (see Section 3.2.1).

2.4.1 Data processing and corrections
During and after measurement multiple types of correc-
tions and data-manipulation are carried out to ensure the 
accuracy of the data:

•	 Baseline correction: before and after each scan 
pump-only ("dark") data with the probe beam 
blocked are measured on the whole wavelength 
range to serve as a baseline. This correction is made 
on the fly during measurement.

•	 Intensity-fluctuations: a separate, "reference" detec-
tor is used to measure the spectrum of the white-
light continuum for each laser shot, which is used to 

correct for its temporal fluctuations in the following 
manner:
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R R
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�

�
�

�

�
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/

/
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ΔA is the differential absorbance, IS and IR are the 
measured intensities at the sample and reference 
detectors respectively, while the star represents the 
pumped pulses. A photodiode is used to monitor the 
intensity of the pump beam also on a shot-by-shot 
basis, which during pre-processing is normalized to 
1 by division with its mean and used as a correction 
factor for the fluctuation of the pump intensity.

•	 Drift-correction: the laser beam has imperfect 
beam-pointing stability, which can be attributed to 
multiple causes, including thermal expansion/con-
traction of materials, vibrations, the movement of the 
delay stage, and even internal factors from the laser 
source itself. This poses the problem that during mea-
surement the pump and probe beams may drift apart 
at the sample position, reducing the overlap area, 
which in turn causes a loss of transient absorbance. 
The  sources of the drift are difficult to completely 
counteract, for which reason we use a follow-up cor-
rection by measuring additional data points before 
and after each scan at ~400 ps delay position. These 
points are fitted with a linear function for each scan 
separately, and these functions are used to correct for 
the minor, systematic changes in the overlap.

3 Results and discussion
3.1 UV-Visible spectra
Our previous studies of modified Fe(II)-bis-terpyridine 
complexes have shown that the change in the molecular 
orbital energies due to the ED/EW nature of the substituent 

Scheme 2 Schematic representation of the TOAS setup. 1: laser source; 2: beamsplitters; 3: delay stage; 4: chopper; 5: BBO crystal; 
6: WLC generation in a sapphire crystal; 7: photodiode; 8: quartz flow cell; 9: reference detector; 10: sample detector; 11: peristaltic pump
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is significant enough to cause noticeable red/blue shifts in 
the UV-Visible spectra for multiple peaks. Fig. 2 shows the 
measured spectra and Table 1 displays the positions of the 
bands discussed below.

The visible region comprises of t2g→π* MLCT transi-
tions (the former being the HOMO and the latter the LUMO, 
dominantly made of the side-ring π*-orbitals)  [20,  35].  
In the case of the Cl substituent these transitions were found 
to be mostly insensitive of substitution in the 5(5") position 
due to the HOMO and LUMO orbital energies shifting to 
lower energies in parallel to each other with the addition of 
one and two Cl substituents [20]. This is exactly what we 
can see if we compare the spectra of C2 and C3 in Fig. 2. 
The MLCT peak belonging to C4 is shifted towards longer 
wavelengths and shows significant broadening. The peak 
belonging to C1 is very similar to C3, with a significant 
increase in the intensity at the 460 and 390 nm peaks. 
A  minor blue shift is also noticeable. However, with the 
inclusion of C3 and C2 the four complexes seem to show 
no clear trend in relation with the EW/ED strength of the 

substituents, which is also in line with our previous obser-
vations from the examination of the Cl-substitution and the 
spectra of various 4' substituted complexes [19].

In the UV-region the peak with the most significant shift 
due to substitution is the one situated between 300–360 nm. 
Our rigorous study of the 5-Cl substitutions previously 
has shown that, in contrast to an earlier interpretation in 
case of similar complexes, these transitions are not MLCT, 
but involve π→π* transitions, between ligand orbitals that 
are strongly mixed with the 3dxy, or the 3dyz and 3dxz orbit-
als of the iron. The energies of the π* orbitals decrease with 
the addition of Cl substituents in the 5(5")-position, while 
those of the π orbitals remain unaffected, resulting in a red 
shift of the corresponding peak in the spectrum [20]. Here 
we can see this reinforced when also taking C4 into consid-
eration, where the significant increase of the −I effect shifts 
the peak further to the red. The fact that C1 shows no sig-
nificant blue shift compared to C2 is somewhat surprising 
but this can be attributed to the significantly different peak 
structure observable in the UV-region compared to the other 
complexes. The same can be said about the MLCT band of 
C4 and therefore we conclude that calculated UV-Visible 
spectra are needed to be able to discern the observed effects 
more in-depth, in case of both the MLCT and π→π* bands.

3.2 Experimental determination of the quintet-state 
lifetime
To determine the quintet lifetime of the four complexes we 
carried out TOAS measurements in acetonitrile solutions. 
The distribution of time delay steps described in Section 
2.4 was chosen instead of the full precision (70 fs) allowed 
by our setup, because this allows a simple, yet proven to 
be accurate data analysis method whereas a more detailed 
measurement takes significantly more time and requires 
more rigorous data pre-processing and global analysis to 
determine the quintet lifetime. According to our experi-
ence with nanosecond-scale lifetimes the additional pre-
cision that it may provide is usually negligible (strictly in 
case of the quintet lifetime). Granted, this choice of time 
delay steps provides no insight to the early events of the 
relaxation process. For these, more accurate measure-
ments and extensive global and target analysis [36] are 
being carried out currently.

3.2.1 Data analysis
Figs. 3 and 4 shows the evolution of the differential-ab-
sorbance spectrum with the increase of the time delay for 
the newly synthetized complexes. The negative values are 

Table 1 Peaks of the UV-Visible absorptions bands belonging to the 
MLCT and π→π* transitions

Complex MLCT (nm) π→π* (nm)

C1 (5,5"-di-NH2-terpy) 535 317

C2 (terpy) 552 319

C3 (5,5"-di-Cl-terpy) 545 329

C4 (5,5"-di-NO2-terpy) 585 336

Fig. 2 Experimental UV-Visible spectra of the complexes in acetonitrile 
solutions
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a result of the ground state bleach (GSB), occurring due to 
the peak pertaining to the MLCT transition missing in the 
quintet state. This large GSB signal allows a simple deter-
mination of the quintet lifetime.

Based on extensive relaxation-dynamics calculations on 
the parent molecule [18], we can assume that only the quin-
tet→singlet relaxation process happens on the nanosecond 
scale, and all preceding transitions are complete in the first 
tens of picoseconds. Based on this, a single exponential 
decay adequately describes the quintet→singlet relaxation, 
however some other factors are needed to be considered. 
For this reason, the fitting equation is a convolution of said 

exponential decay, a Heaviside step function to model the 
excitation, and a Gaussian function to model the instru-
ment response function (IRF) [37].

A 100 fs full width at half maximum (FWHM) was 
fixed for the Gaussian as the delay steps employed do not 
allow accurate fitting of the IRF. The fitting was done at the 
GSB maximum since the disappearance of the GSB signal 
is tied to the quintet→singlet transition. For each complex, 
a bandwidth of 3.5 nm (6 channels) was averaged and used 
for the fitting process. The results can be seen in Fig. 5.

Comparing C2 and C3 the same relation can be seen as 
reported previously in H2O [20]. The Cl substituent causes 
a significant increase in the quintet lifetime (ca. 50%). 
Comparing C4 and C1 to the base molecule (C2), the life-
time is almost doubled due to the NO2 substituent and 
shows a decrease by 1.5 ns (38%) due to the NH2 group.

3.3 Discussion of the results
Previously we have shown that substitution with EW 
groups in the 4' position causes a shortening of the quin-
tet lifetime, while ED groups stabilize the high-spin state. 
The quintet state is most sensitive to the substitution on 
the central ring, and especially in this position. The reason 
for this is that in the quintet state the  orbitals get popu-
lated which are very susceptible to the axial modification, 
especially the changes in the Fe-Nax bond length [15, 19].

In the 4' position both the inductive and resonance 
effects can significantly affect the lifetime. Given that all 

Fig. 4 Transient spectra of C4 at different time-delays

Fig. 5 Quintet lifetime fitting of the complexes discussed, measured in 
acetonitrile solutions at 295 K

Fig. 3 Transient spectra of C1 at different time-delays



554|Vancza et al.
Period. Polytech. Chem. Eng., 67(4), pp. 547–556, 2023

substituents discussed in [19] have a –I effect, the deciding 
factor is the ratio of their –I and –M/+M strength, the latter 
very pronounced in the 4' position, being a para-position 
relative to Nax. At first glance the results seen here conflict 
with these previous observations, but it is important to con-
sider that in the 5 position these effects work differently. 
Since all substituents discussed in this paper have a –I 
effect (although of varying strength), the main differentiat-
ing factor is once again resonance. The –I effect is expected 
to decrease the Neq electron-density similarly to the Cl sub-
stituent [20], while the resonance effects should be negli-
gible in this position, given that the position 5 and Neq are 
in meta-relation. This means that the –I strengths should 
be the deciding factor for changes related to the side rings 
(cf. the discussion of the π→π* absorption bands above).

The calculated and measured lifetimes are shown 
in Table  2. As we previously discussed, changes in the 
quintet state lifetime due to substitution are primarily 
attributed to the effects of the substituent on the cen-
tral ring (specifically Nax ) [19–21]. Due to their distance 
the inductive effects of substituents in the 5 and 5" posi-
tions are not expected to affect Nax. On the other hand, 
resonance effects can reach it, the central ring being in 
para-position to the substituent and Nax being in ortho-re-
lation with side-rings. However, the NH2 group unexpect-
edly causes a shorter quintet lifetime while the NO2 group 
lengthens it, which shows changes in the opposite direc-
tion from what we would conclude based on our previous 
observations [20].

Comparing the measured and calculated lifetimes we 
can see that there is good agreement between the two, 
even on the quantitative level, with only C2 being the case 
where both calculation methods overestimate the increase 
in the quintet lifetime. Our previous conclusion regard-
ing the PES-crossing and MECP methods, that although 
the former uses a very simplified concept it produces just 
as good or even better results than the latter, is reinforced 
with these new results. The minor quantitative disagree-
ments with the experiments can be easily attributed to the 
general limitations of the calculations and the assumption 

that the shape of the PES does not change with the sub-
stitution compared to the base molecule. As the shifts in 
the UV-Vis spectral bands of the ground state occur in 
line with the expectations from previous observations, we 
can presume that the EW/ED effects apply as expected. 
However, the results strongly indicate that while the sim-
ple ED/EW explanation may not sufficiently describe the 
changes in the electronic structure in more complicated 
cases, the predictions based on the inverse energy gap 
rule [17] are still very accurate.

4 Conclusion
Extending our previous work on modified terpyridine 
ligands we synthetized and characterized two new [Fe(5,5"-
di-X-terpy)2]

2+ complexes. We performed TOAS measure-
ments to determine their quintet-state lifetime with the 
intention to further understand the relation between EW/ED 
effects and the stability of the quintet state. We have shown 
that strong substituent effects originating from the 5,5" posi-
tions on the side-rings cause opposite changes in the stability 
and lifetime of the high-spin quintet-state compared to the 
4' position. EW effects here significantly increase the life-
time, while ED effects shorten them. However these changes 
were accurately predicted by our calculations based on the 
inverse energy gap law.

Therefore, the general tendency of quintet-state life-
time vs. substituent effects observed for substituents in the 
4' position cannot be extrapolated to the [Fe(5,5"-di-X-
terpy)2]

2+ system. Another important fact to note is that the 
rigorous analysis of the effects of Cl-substitution was not 
enough to draw conclusion regarding the side-ring substi-
tutions, since it suggested a similar tendency as the 4' case. 
Further effort is required both in experimental work and cal-
culations to provide a definite answer to the questions posed 
by these results, which is currently in progress. Extending 
our investigations to include the early events of the relax-
ation process via more detailed TOAS measurements and 
global and target analysis [36] is the important next step. 
In addition, extensive calculations are being carried out to 
understand the dynamics of the complexes in question.

Table 2 Calculated quintet-singlet energy differences, barrier heights and lifetimes, and experimental lifetimes of the discussed complexes. 
All experimental lifetimes have a standard error of less than 30 ps. Data marked with the " * " symbol are from [20]

Complex ΔEHL (meV) ΔEX (meV) ΔEMECP (meV)
Relative lifetime Experimental absolute lifetime (ns) 

(acetonitrile, 295 K)X MECP Experimental

C1 (5,5"-di-NH2-terpy) 522 100 105 0.78 0.53 0.63 2.92

C2 (terpy) 505* 103* 118* 1 1 1 4.73

C3 (5,5"-di-Cl-terpy) 450* 122* 144* 2.1 2.9 1.5 6.98

C4 (5,5"-di-NO2-terpy) 432 128 150 2.65 2.96 2.8 13.0

‡ ‡
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