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Pressure-Induced Absorption 
and Fluorescence Shifts of 
Solvatochromic Probes 
 

 

 

 

 

 

Abstract 

The polarity changes of MeCN and PrCN associated with the 
increase of pressure were investigated by monitoring the solvato-
chromic shifts of the absorption maximum of the absorption probe 
ET30. The same was done for the excitation and fluorescence maxima 
of the fluorescence probe 5PI.  This study was performed because we 
aim to use pressure for the tuning of the viscosity in experiments to 
investigate the viscosity effect on the shuttling dynamics in the imide-
based rotaxanes described in the previous chapters. The ET(30) values 
of both MeCN and PrCN increased when a pressure of up to 4000 
bar was applied. The change is small, but might be sufficiently large to 
influence the polarity-sensitive shuttling process in these imide-based 
rotaxanes. On the other hand, the effect of the increased viscosity 
(Chapter 2) at high pressure seems to be similarly strong but opposite, 
so the polarity and viscosity effects may well be in balance with each 
other. The pressure-dependent experiments with the fluorescence 
probe 5PI also showed a pressure-induced increase of the solvent 
polarity. This probe exhibited a remarkable barochromic behavior, in 
agreement with the solvatochromism previously observed in series of 
solvents with different polarities. 
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8.1 Introduction 

The investigation of the viscosity effect on the shuttling rates of rotaxane 1 in PMAN 

solutions, described in Chapter 2, illustrates that the microscopic viscosity in a polymer 

solution does not relate to the macroscopic viscosity in a straightforward manner.[1] This 

problem can be avoided by using a different approach: the viscosity of a liquid can be tuned 

homogeneously by applying hydrostatic pressure.[2,3]  

In this chapter, results of preliminary experiments performed in a home-built optical 

high-pressure cell are presented. The aim of this study was the exploration of the effect of 

applied hydrostatic pressure on the polarity of acetonitrile (MeCN) and butyronitrile (PrCN) 

as observed via the solvatochromic shifts of two different probe molecules. 

 

8.1.1 Pressure-Viscosity Relationship 

The mechanisms responsible for the pressure dependence of the viscosity of liquids have 

proven to be very complex as demonstrated by the fact that up till now, a universal theory 

for the behavior of the viscosity as a function of pressure is not available. The description 

of the pressure-viscosity relationship is major challenge for scientists, due to the sensitivity 

of the viscosity to the molecular structure and the different types of intermolecular 

interactions (van der Waals, hydrogen bonding and entanglements) that play a role. Because 

viscosity is one of the most important transport properties of fluids, with applications in 

many fields (e.g. lubricants and chromatography), several empirical and semi-empirical 

expressions of the pressure-viscosity relationship have been developed. 

The simplest description of the variation of the viscosity η (Pa s) with the pressure P 

(bar) is an empirical one. In the pressure range of a few kbar, the dependence of the 

viscosity on the pressure can be described by a linear relationship:[4] 

 

 
)]([1 00 PP −+= αηη  

 
Eq. 8-1 

In this equation, η0  is the viscosity of the liquid at a reference pressure P0 and α (Pa s 

bar-1) is an empirical parameter known as the pressure-viscosity coefficient. This equation is 

obeyed by a wide range of typical organic solvents.[4] For example, at 298 K and in a 

pressure range of 0 – 3500 bar, α = 0.190 mPa s kbar-1 for MeCN and α = 0.241 mPa s 

kbar-1 for methanol.[5] For MeCN, this means that the viscosity increases from 0.38 mPa s at 

atmospheric pressure to 1.14 mPa s at 4 kbar, which is a 3-fold increase. The main 

advantage of using this model for estimating the pressure dependence of the viscosity is 

that it utilizes only a single parameter α. 

More accurate descriptions of the viscosity-pressure relationship, with a theoretical basis 

and applicable over a wide pressure range, are provided by equations utilizing several 

parameters. These equations are derived using different approaches. Among these, the free-

volume model developed by Cohen and Grest[6] is widely used. In this model, the density is 
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applied as scaling factor for the viscosity. The free-volume model has the following form (at 

constant temperature):[3] 
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Eq. 8-2 

The exponential contains a ratio between the occupied (V) and free volume (V – V∞). 

The quantity V∞ is the volume of the fluid at infinite viscosity. The effective hard-sphere 

volume of the fluid turns out to be a good approximation of V∞.[7] The pre-exponential 

factor A is geometric in nature and the parameter B describes the strength of the viscosity 

divergence if V approaches V∞. The use of this expression requires conversion of the 

volume scale to the pressure scale. This is generally done using the so-called Tait equation 

of state, which employs the density and isothermal compressibility.[8] Despite the fact that 

the free-volume model provides an accurate description of the pressure-viscosity 

relationship, a disadvantage remains the fact that it contains several parameters which are 

not always available for all liquids. 

 

8.1.2 Pressure-Induced Polarity Change 

A possible inconvenience associated with the approach of tuning the viscosity by 

applying hydrostatic pressure, is that the pressure also influences the polarity of liquids. Due 

to the increase of the density if the liquid is compressed, more molecules are compacted in a 

given volume and the electronic polarization correspondingly increases. For polar liquids 

(e.g. MeCN), the increased short-range dipolar interaction between neighbouring molecules 

also leads to an increase in dielectric constant which is added to the increase produced by 

increased density.[9,10] The pressure-induced increase of the dielectric constant may 

complicate the interpretation of pressure-dependent shuttling experiments, because the 

shuttling behavior of 1 is strongly dependent on the medium polarity.[11]  

The shuttling rate constant (kshuttle) of 1 correlates poorly with the dielectric constant of 

the different nitriles in which the shuttling was studied. However, a good correlation was 

found with the ET(30) solvent parameter (Figure 8-1).[12] In these nitriles, log(kshuttle) increases 

linearly with the ET(30) value. The increase is substantial, for example kshuttle increases with a 

factor 3 if the ET(30) value increases from 41.5 kcal mol-1 in benzonitrile (PhCN) to 43.6 

kcal mol-1 in propionitrile (EtCN). It should, however, be noted that viscosity effects may 

also play a role in determining the shutting rate, because EtCN posesses a lower viscosity 

than PhCN. 
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Figure 8-1 The shuttling rate constant kshuttle for rotaxane 1 in different nitriles plotted against 
the corresponding ET(30) values. The rate constants in benzonitrile (PhCN) and propionitrile 
(EtCN) were taken from reference [12]. 

 

In order to ascribe the effects on shuttling rates at different pressure solely to viscosity, a 

clear understanding of the pressure-induced polarity changes of MeCN and PrCN is 

required. For this purpose, experiments were performed to investigate the pressure-induced 

polarity change of these solvents by monitoring the solvatochromic shift of charge transfer 

transitions of the absorption probe ET30[13] and emission probe 5PI[14] in MeCN and PrCN.  

 

 
 

Figure 8-2 Molecular structures of the solvatochromic absorption probe ET30 and the 
fluorescence probe 5PI (R = 2,5-di-tert-butylphenyl). 

 

Both probes (Figure 8-2) derive their sensitivity to solvent polarity from the significant 

change in molecular dipole moment between the electronic ground state and the first 

excited state. The absorption probe ET30 has a highly dipolar ground state which is more 

stabilized in polar solvents than the much less dipolar excited state S1. The result is an 

increase of the S0 – S1 energy gap which is reflected by a blue-shift of the absorption 

maximum in polar solvents. The fluorescence probe 5PI has a highly dipolar first excited 

state which is more stabilized in polar solvents relative to the less dipolar ground state. For 

this reason, in polar solvents a red-shift of the emission maximum is observed.[14]  
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8.2 Results and Discussion 

 

8.2.1 Absorption Probe ET30 

In this section results are presented of preliminary spectroscopic measurements 

performed with the home-built optical high-pressure cell described in section 8.4.1. Before 

recording of the absorption spectra, the background absorption at 820 nm was set to zero 

at atmospheric pressure. Unexpectedly, upon increasing the pressure to ca. 100 bar, the light 

transmission through the cell decreased dramatically: the background absorption increased 

to a value between 0.6 – 1. This value remained up till a pressure of ca. 1200 bar, but at 

pressures > 1200 bar, dropped again to the starting value of zero. This phenomenon could 

be reproduced, also with the sample cuvette filled with pure solvents MeCN and PrCN. The 

reason for this dramatic decrease of light transmission through the cell could not be 

resolved. The change of background absorption, however, was not expected to influence 

the absorption maxima; therefore the experiments were carried on. 

The absorption spectra of ET30 dissolved in MeCN and PrCN recorded at different 

pressures up to 4000 bar are depicted in Figure 8-3. In acetonitrile, the absorption 

maximum of ET30 undergoes a blue-shift from 599 nm at atmospheric pressure to 581 nm 

at 4000 bar. The blue-shift is due to stabilization of the ground state of ET30, which means 

that the polarity of MeCN increases with the pressure. The found ET(30) value of MeCN at 

atmospheric pressure is 47.7 kcal mol-1, which slightly deviates from the literature value of 

45.6 kcal mol-1.[15] But more interestingly, between 1 and 4000 bar the ET(30) increases by 

1.4 kcal mol-1.   

 

Table 8-1 Absorption maxima of ET30 in MeCN and PrCN at atmospheric pressure and 4000 
bar, the corresponding ET(30) values and blue-shifts. 

 
Pressure MeCN  PrCN 

(bar) absorption  maximum ET(30)  absorption maximum ET(30) 

 (nm) (103 cm-1) (kcal mol-1)  (nm) (103 cm-1) (kcal mol-1) 

1     599 16.7 47.7     658 15.2 43.5 

4000     581 17.2 49.1     639[a] 15.6[a] 44.7[a] 

blue-shift     18 0.51 1.4     19 0.44 1.2 

[a] Extrapolated from linear relationship between 1 – 2000 bar (see Figure 8-3D). 

 

The spectra of ET30 in PrCN exhibit some irregularities due to the increased 

background, but the maxima could still be determined. The absorption maximum shifts 

from 658 nm (1 bar) to 645 nm (4000 bar). The ET(30) at atmospheric pressure is 43.5 kcal 

mol-1, which is close to the value reported in the literature (42.5 kcal mol-1).[15] The change of 

the polarity is smaller than in the case of MeCN, the ET(30) of PrCN at 4000 bar has 

increased by 1.2 kcal mol-1 to 44.7 kcal mol-1.  
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Figure 8-3 Partial absorption spectra of ET30 in (A): MeCN and (C): PrCN in the pressure 
range 1 – 4000 bar. The arrows indicate the blue-shift of the absorption maximum with 
increasing pressure. Absorption maxima and ET(30) values of ET30 in (B): MeCN and (D): 
PrCN as a function of pressure. (E): Comparison of the variation of the dielectric constant (at 
25ºC) and ET(30) of MeCN with pressure. The data of the dielectric constant were taken from 
reference [10]. 
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The ET(30) value of MeCN increases linearly with the pressure over the entire range, 

with a slope of 12.1 cm-1 kbar-1. This is different from the dielectric constant vs. pressure 

graph which exhibits a concave shape (Figure 8-3E).[10] For PrCN, the change of  ET(30) is 

linear up to 2 kbar (slope = 10.6 cm-1 kbar-1) and 2 – 4 kbar (slope = 5.3 cm-1 kbar-1). The 

line seems to break at 2 kbar, and follows a different linear trend above this point. This 

transition is most probably caused by leakage of the pressure liquid hexane into the sample 

cuvette. The polarity of the resulting PrCN/hexane mixture is lowered compared to that of 

PrCN, hence the relative red-shift above 2 kbar. 

From the obtained pressure-induced changes of the absorption maximum of ET30 in 

MeCN and PrCN, we can conclude that the polarity of MeCN is more sensitive to pressure 

than that of PrCN. This is consistent with the greater isothermal compressibility of MeCN 

in comparison with that of PrCN.[16] 

The ET(30) values of PrCN and MeCN become higher as the pressure is increased. For 

example, at 4 kbar the ET(30) of PrCN has increased by 1.2 kcal mol-1 to 44.7 kcal mol-1. 

This increase seems small but in fact the pressure has changed the ET(30) value of PrCN to 

between that of EtCN and MeCN at atmospheric pressure. This has implications for the 

shuttling rate constant of 1: the change of the ET(30) corresponds to an expected increase 

of kshuttle from 0.29 × 106 s-1 to 0.54 × 106 s-1 (calculated from the relationship between kshuttle 

and ET(30), see Figure 8-1), which is an increase by a factor 1.9. If the dependence of the 

shuttling rate on viscosity that was found in Chapter 2 (Eq. 2-8) for polymer solutions also 

pertains to liquids under high pressure, we should expect the kshuttle to decrease by a factor 

1.4 because the viscosity increases with a factor 3 (calculated from Eq. 8-1, see section 

8.1.1). This analysis indicates that the positive polarity effect on the shuttling rate may be 

fully compensated by the decrease due to the viscosity effect. 

A factor that was not accounted for in this analysis, but might be important, is the 

volume of activation (∆V‡) for the shuttling process. The ∆V‡ is the difference between the 

molar volumes of the transition state and the reactants. The ∆V‡ affects the free energy of 

activation (∆G‡) through the P∆V‡ term in the enthalpy of activation ∆H‡ (Eq. 8-3 and Eq. 

8-4, ∆U‡ is the internal energy of activation). Under isobaric conditions, the P∆V 

contribution is zero, but it becomes non-zero under conditions of changing pressure.[17-19]  

 ‡‡‡ STHG ∆∆∆ −=  Eq. 8-3 

 ‡‡‡ VPUH ∆∆∆ +=  Eq. 8-4 

In Chapter 6, a model was proposed for the photoinduced shuttling process in 

naphthalimide rotaxanes. One of the aspects of this model is that in the transition state the 

macrocycle bridges between the succinamide and naphthalimide radical anion (see Figure 

6-9). This species has a more compact structure and thus a smaller volume than the 

“reagent”, the extended succ-co-conformer. Therefore we expect a negative ∆V‡ for the 
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shuttling process. Consequently, the P∆V‡ contribution will be negative and a more 

negative free energy of activation can be expected. Based on the assumptions above we 

speculate that due to the negative volume of activation, increased pressure will speed up the 

shuttling process. In order to obtain insight into the exact sum of the separate effects of 

pressure (∆V‡, increased viscosity, increased polarity) pressure-dependent shuttling 

experiments have to be performed. 

 

8.2.2 Fluorescence Probe 5PI 
The excitation (λdet = 735 nm) and fluorescence spectra (λexc = 600 nm) of 5PI in MeCN 

between atmospheric pressure and 4000 bar are depicted in Figure 8-4 and the observed 

shifts are summarized in Table 8-2. Both the excitation and fluorescence maxima of 5PI 

undergo a red-shift with increasing pressure. The excitation maximum shifts from 616 nm 

to 638 nm; the shift in wavenumbers is 0.56 × 103 cm-1. The fluorescence is less sensitive to 

the pressure increase; in this case the maximum shift from 734 nm to 742 nm (the red-shift 

is 0.14 × 103 cm-1).  

 

Table 8-2 Fluorescence and excitation maxima of 5PI in MeCN at atmospheric pressure and 
4000 bar and the corresponding red-shifts.  

 
Pressure 

(bar) 
 Excitation  Fluorescence 

(bar)  (103 cm-1) (nm)  (103 cm-1) (nm) 

1  16.2 616  1.36  734 

4000  15.7  638  1.35  742 

Red-shift  0.56 22  0.14 8 

 

The red-shifts of the excitation and fluorescence maxima are in agreement with our 

expectations. The fact that the ground state is more sensitive for the pressure is unexpected, 

because the charge-transfer nature of the S0 → S1 transition would mean that the excited 

state of 5PI has a larger dipole moment than the ground state. Therefore, we would expect a 

stronger stabilization of the excited state due to the pressure-induced polarity increase. 

Consequently, the Stokes shift is expected to be larger at higher pressure. The experimental 

result thus is opposite to what might be expected: the Stokes shift decreases with increasing 

pressure (Figure 8-4E).  

The solvatochromic behavior of 5PI and similar types of fluorescent probes has been 

studied extensively in our group by P. Zoon.[14,20,21] These detailed investigations revealed 

that the assumption that the excited state of 5PI has a greater dipole moment than the 

ground state, is not correct. In fact, due to a combination of efficient donor-acceptor (the 

amino group of the pyrrolidine ring and the aromatic imide, respectively) interaction and a 

large  donor-acceptor  distance,  the ground state  of  5PI already has a large dipole moment.  
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 (A)  (B) 

 
  

(C)  (D) 

 
  

(E) 
 

 
 

 

Figure 8-4 (A): Excitation and (C): fluorescence spectra of 5PI in MeCN in the pressure range 
1 – 4000 bar. The arrows indicate the red-shift of the maxima with increasing pressure. (C): 
Excitation and (D): fluorescence maxima of 5PI in MeCN as a function of pressure. (E): Stokes 
shift of 5PI as a function of pressure. 
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This donor-acceptor mixing, which reduces the HOMO-LUMO gap, is enhanced when the 

polarity of the solvent is increased. As a result, the net increase in dipole moment upon 

excitation is smaller, especially in more polar solvents. In this respect, our results of the 

pressure-dependent studies are in complete agreement with the results described by P. 

Zoon. Also in our  experiments  we  observe  a  decrease  of  the  Stokes  shift  (HOMO - 

LUMO gap)  with increasing polarity which is associated with the increased pressure. These 

results show that pressure-induced polarity change is a convenient tool for the study of 

solvatochromic effects on the photophysical properties of molecules. 

 
 

8.3 Conclusion 

The work described in this chapter was performed as a prelude to the study of the 

viscosity effect on the shuttling dynamics in rotaxane-based shuttles, in which the viscosity 

is tuned by applying hydrostatic pressure. A high-pressure cell for optical spectroscopy was 

designed and built, and this chapter describes the first experiences with it. In order to be 

able to separate the effects on shuttling rates at different pressures caused by viscosity from 

those due to polarity, a clear understanding of the pressure-induced polarity changes of 

MeCN and PrCN is required. With the aim to investigate the polarity changes of MeCN 

and PrCN with increasing pressure, we have studied the solvatochromic shifts of the 

absorption probe ET30 and the fluorescence probe 5PI. 

The ET(30) parameter is a convenient measure to predict the shuttling dynamics in nitrile 

solvents. We found that the ET(30) value increases only to a small extent if hydrostatic 

pressure of up to 4000 bar is applied. The ET(30) of MeCN (∆ET(30) = +1.4 kcal mol-1) 

increases slightly more than that of PrCN (∆ET(30) = +1.2 kcal mol-1). This increase is 

small, but its impact on the shuttling rate of 1 might be non-negligible. For example in 

PrCN, this ∆ET(30) would corresponds to a 1.9 times faster shutting at 4000 bar. It is 

however not proven that the pressure increase will indeed lead to increased dynamics, 

because the effect of the increased viscosity could not yet be studied. Based on the results 

of Chapter 2, we expect that the higher viscosity at high pressure can compensate for the 

increased dynamics caused by increased polarity. Also, a positive effect of the volume of 

activation cannot be excluded. In order to resolve this issue, pressure-dependent shuttling 

experiments will have to be performed, but these unfortunately fall outside of the scope of 

the present PhD thesis. In particular, the unexpected reduction of the light transmission 

through the cell in the pressure range 1 – 1200 bar needs to be resolved. 

The studies with the fluorescence probe 5PI in MeCN confirmed the previously drawn 

conclusion that the dipole moment of the ground state is already large. At higher solvent 

polarity (i.e. at higher pressure), the difference between the dipole moments of the ground 

state and the excited state can become very small, which leaves very little room for 

structural relaxation in the excited state. This effect is reflected by smaller Stokes shifts at 

increased pressures. 
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8.4 Experimental Details 

 

8.4.1 High-Pressure Setup 

Our high-pressure setup consists of two separate units: an optical high-pressure cell 

(OHPC, Figure 8-5) connected to a high-pressure generating system (HPGS, Figure 8-6). 

The design of the high-pressure cell is similar to the one described by Hara.[22] High-

strength low alloy steel (17-4PH) was used for the cell block (dimensions 90 × 90 × 125 

mm). The sample cuvette is accommodated in a vertical hole in the middle of the cell block. 

The cell contains two perpendicular optical paths: two intersecting horizontal channels each 

closed off at both ends with sapphire windows. A centre block is fitted on the bottom of 

the main hole. The purpose of this part is to fix the cuvette position at the intersection of 

the perpendicular optical paths. The quartz sample cuvette consists of an upper cylindrical 

part and a lower square shaped part. In the upper cylindrical part, a movable Teflon piston 

is fitted. Isolation of the sample liquid in the cuvette from the pressure liquid is assured by a 

Viton O-ring seal. The optical path length is 5 mm. 

 

 
 

Figure 8-5 Schematic representation of the optical high-pressure cell (OHPC) containing the 
quartz sample cuvette. The dashed lines (- - -) represent the optical paths. (A): Side view, (B): 
top view showing the perpendicular arrangement of the optical paths and (C): cartoon 
representation of the outside. 
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The pressure applied to the sample is generated with a high-pressure generating system 

(Figure 8-6). The pressure is generated using a manually operated high-pressure screw-

piston pump (HPP), which is able to generate pressures of up to 4.5 kbar. The pressure is 

transmitted to the OHPC using a pressure-transmitting liquid, in our case this is n-hexane. 

The advantage of using hexane is its inertness. The HPGS also contains a low pressure 

piston pump (LPP); the purpose of the LPP is to fill the circuit with pressure-transmitting 

liquid and to apply a pre-pressure of 200 bar. Two pressure gauges are present to measure 

the pressure: a low-pressure gauge (0 – 1000 bar) and a high-pressure gauge (0 – 6000 bar). 

The connection between the different parts of the HPGS can be controlled with several 

needle valves (a – j). A short stepwise procedure for the operation of the high-pressure 

setup is given below.  

1. The cell containing the filled sample cuvette is placed in the spectrometer and 

aligned in the light beam. 

2.  The cell is connected to the HPGS, the stop (part no. 2 in Figure 8-5) is left open. 

3. All valves are opened, except for h. 

4. Hexane is pumped into the circuit using the low-pressure pump (LPP). Air is 

removed from the cell in two steps: first from the OHPC (step 5) and then from the 

HPGS (step 6). 

 

 
 

Figure 8-6  Schematic diagram of the high-pressure generating system (HPGS) connected to 
the optical high-pressure cell (OHPC). 
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5. The cell is closed by applying the stop (part no. 2 in Figure 8-5) once it is completely 

filled with hexane. 

6. Pumping is continued, until all air has escaped from the air outlet and hexane starts 

to overflow from the air outlet. Then valve f is closed. 

7. The pressure is increased to ca. 200 bar with the LPP and the LPP is isolated form 

the circuit by closing valves b and d.  

8. The pressure is increased further using the HPP. Valve a is closed when the limit of 

the low-pressure gauge (1000 bar) is almost reached. 

9. The HPP is isolated from the system if the desired pressure is reached. This is done 

by closing valve c. The system is allowed to equilibrate for ca. 5 minutes before 

spectroscopic measurements.  

10. The cell is ready for spectroscopic measurements. 

 

The pressure should be increased slowly (< 50 bar min-1); this is to avoid leakage of 

hexane into the sample cuvette and change in temperature. When the HPP had reached its 

maximum, it has to be turned back. Note the current pressure and close valve e, open valves 

b, c and d and turn the wheel of the HPP all the way back. Raise the pressure with the LPP 

to ca. 200 bar and close valves b and d. Raise the pressure with the HPP to the noted value, 

and slowly open valve e. The pressure can be further increased using steps 8 and 9. 

 

8.4.2 Absorption and Fluorescence 

The absorption probe ET30 was commercially available. A solution of the emission 

probe 5PI in MeCN was provided by Dr. Peter Zoon. Spectroscopic grade MeCN was used, 

PrCN was used after distillation from CaH2. The electronic absorption and fluorescence 

spectra were recorded using the equipment described in experimental section 6.8. 
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