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Sterically unhindered boron dipyrromethene dyes bearing aryl hydrocarbons at the meso position can

function as fluorescent probes for monitoring changes in rheology of the surrounding environment.

The key aspect of such behaviour relates to the ease of rotation of the aryl ring, which is set in part by

frictional forces with nearby solvent molecules. For the target dye under consideration here, gyration

of the meso-phenylene ring shows a pronounced temperature dependence but only a modest

sensitivity towards applied pressure. Changing the specific viscosity of the solvent by adding a linear

polymer has but a small effect on the fluorescence yield of the dye under ambient conditions and

thereby indicates that there is little contact between dye and polymer. Under pressure in the presence

of polymer, the fluorescence yield increases dramatically and allows design of an effective

fluorescence-based pressure sensor. The simplest explanation of this phenomenon has the polymer

wrapping around the dye under pressure and curtailing the rotary action. In addition, it has to be

considered that the inert polymer renders the chloroform solvent more susceptible to a pressure-

induced increase in density by minimising electrostatic repulsion between chlorine lone pairs. In this

respect, the polymer acts as a lubricant for compression of chloroform under pressure.

Introduction

Considerable theoretical1–3 and experimental4–6 attention has

been directed towards understanding the role of the solvent in

controlling the dynamics of barrier crossing7 in simple molecular

systems. The most widely studied processes involve light-induced

conformational exchange in fluid solution at ambient pressure.

Indeed, such studies have identified8 a range of fluorescent rotors

that can be applied for the in situ determination of local viscosity

changes. Although much progress has been made in this field since

the seminal contributions by Kramers in 1940,9 our comprehen-

sion of such reactions remains rather incomplete. This is due, at

least in part, to the interplay between several overlapping effects

that are not easily resolved by experiment. For example, it

becomes difficult to isolate polarity effects from corresponding

changes in viscosity10 and in extracting barrier heights from

activation energies associated with solvent properties.11 Even in

n-alkane solvents, the isomerisation rate constant rarely exhibits

the anticipated correlation with inverse viscosity.12 This has

precipitated the introduction of various models to correct for the

inadequacy of bulk viscosity to depict frictional forces between

solute and solvent.13 These modifications and adaptations, while

being suitable for the development of fluorescent rheology probes,

fall well short of providing improved theoretical understanding.

This situation also holds for the correlation of rotational diffusion

times with solvent properties.

Within the generic area of rheology probes,14 unhindered

boron dipyrromethene (Bodipy) dyes have found prominent use

in both biological15 and artificial environments.16 The key

premise here is that a meso-phenylene ring is subjected to mild

stereochemical blocking by hydrogen atoms on the dipyrrin

backbone. This H,H clash hinders full rotation of the phenylene

ring but does not stop the process. As a result, the fluorescence

quantum yield and excited-state lifetime increase steadily with

increasing viscosity of the surrounding medium, although the

correlation is rarely linear.17 It is normal practice to vary

viscosity by changing the composition of the solvent or by

ramping the temperature. Both effects introduce complications

for data analysis. Clearly, there are benefits for covering the

entire friction regime of interest using a single solvent under

isothermal conditions and this can be done by applying high

pressure to the system.17 Pressure compresses18 the solvent,

raising the density and thereby affecting the viscosity. Of course,

there are ancillary effects on both refractive index19 and

dielectric constant20 that have to be taken into account. A

further way to change solvent viscosity in a controlled way is to
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add an inert polymer.21 The conformation of a dissolved

polymer is a complex function of the properties of both solute

and solvent and can be further modified by applying pressure to

the system. Here, while seeking to examine how well Kramer’s

model9 works with a Bodipy-based fluorescent rotor in solvent-

polymer mixtures, we have encountered an unusual synergy. In

particular, it is shown that adding polymer to a solution of the

dye under ambient conditions has less effect on the fluorescence

yield than predicted from the global change in viscosity. When

subjected to applied pressure, however, the presence of the

polymer causes restoration of fluorescence from the dye by

switching off the rotary action. The net result is a much

improved fluorescent sensor by which to monitor pressure

changes at fixed temperature.

Experimental

The sterically unhindered boron dipyrromethene dye, ROBOD,

was prepared according to Fig. 1 and details are provided below.

In short, the synthesis proceeds in two steps starting from the

condensation of freshly distilled pyrrole (in excess) with

4-bromobenzaldehyde in the absence of oxygen.22 This reaction

leads to the dipyrromethane dye 1 which could be purified easily

by flash column chromatography on silica. The second step

consists in oxidation of the dipyrromethane to the corresponding

dipyrromethene using DDQ as oxidant, followed by the in situ

complexation of boron(III). The nascent acid is quenched by

triethylamine.23 The target dye was obtained in 43%, after

chromatography and subsequent recrystallization. The BODIPY

dye used as a control compound was prepared and purified

according to a literature procedure.24 NMR spectroscopy, MS

and elemental analysis unambiguously confirm the molecular

structures of these synthetic dyes. It might be noted that the

bromine atom present in BODIPY plays no part in determining

the photophysical properties; its primary function is to provide

an anchor by which to attach the dye to macromolecular

supports.

Preparation and characterisation of the dipyrrin 1

Freshly distilled pyrrole (30 mL, 25 equiv.) and 4-bromobenzal-

dehyde (2.80 g, 1.0 equiv.) were added to a dry, round-bottomed

flask and degassed with a stream of Ar for 5 min. Trifluoroacetic

acid (126 mL, 0.10 equiv.) was then added, and the solution was

stirred under Ar at room temperature for 5 min before being

quenched with 0.1 M NaOH. Ethyl acetate was then added. The

organic phase was washed with water and dried over anhydrous

Na2SO4, and the solvent was removed under vacuum to afford

an orange-brown oil. Excess of pyrrole was removed by vacuum

distillation. Afterwards, the crude material was purified by flash

column chromatography (SiO2 petroleum ether/ethyl acetate 90/

10) to afford compound 1 (3.10 g, 60%). 1H NMR (CDCl3,

200 MHz): 5.44 (s, 1H), 5.89 (s, 2H), 6.15–6.19 (m, 2H), 6.70–

6.73 (m, 2H), 7.09 (d, 2H, 3J = 8.3 Hz), 7.43 (d, 2H, 3J = 8.8 Hz),

7.92 (br, s, 1H).

Preparation and characterisation of the ROBOD

A round-bottomed flask was charged with compound 1

(3.1 g, 10.3 mmol) in freshly distilled CH2Cl2 (150 mL), and

the solution was purged with argon in the dark for 45 min.

Dichlorodicyanobenzoquinone (7.000 g, 31 mmol) was added

and the solution stirred at room temperature in the dark for

1.5 h. After confirmation by thin layer chromatography (silica

gel plate, CH2Cl2) that all the dipyrromethane had been

consumed, triethylamine (8.6 mL, 62 mmol) and boron

trifluoride-diethyl ether (10.5 mL, 82.4 mmol) were added

dropwise under argon. The resultant dark brown solution was

stirred in the dark for 20 h, until full consumption of the

intermediate was confirmed by thin layer chromatography. The

reaction mixture was subsequently diluted with CH2Cl2 and

washed with brine. The separated organic layer was dried with

anhydrous magnesium sulfate. The organic layers were concen-

trated under reduced pressure, and the resultant red/black solid

was purified by flash column chromatography (silica gel;

petroleum ether/ethyl acetate, 9 : 1) to afford ROBOD (1.53 g

43%). 1H NMR (CDCl3, 300 MHz): 6.57 (d, 2H, 3J = 4.2 Hz),

6.92 (d, 2H, 3J = 4.2 Hz), 7.45 (d, 2H, 3J = 8.1 Hz), 7.69 (d, 2H,
3J = 8.4 Hz), 7.96 (s, 2H). 13C NMR (CDCl3, 50 MHz): 145.8,

144.6, 134.7, 132.6, 131.8, 131.3, 125.5, 118.9. EI-MS 346.0 ([M],

100). Elemental analysis for C15H10BBrF2N2: calc, C, 51.92, H,

2.91, N, 8.07; found; C, 51.75, H, 2.68, N, 7.84.

Absorption spectra were recorded with a Hitachi U3310

spectrophotometer and fluorescence spectra were recorded with

a Hitachi F-4500 emission spectrophotometer. All fluorescence

spectra were fully corrected for spectral imperfections of the

instrument on the basis of a standard lamp. Emission quantum

yields and excited-state lifetimes were measured17a as reported

previously for closely related dyes. All optical studies were made

with dilute solutions after filtration to ensure removal of any

particulate material. Low temperature studies were made with

the sample sealed under N2 into an optical cell and housed within

the chamber of an Oxford Instruments Optistat-4. Various

excitation wavelengths were used for each sample and all

emission spectra were supported by comparing fluorescence

and excitation spectra recorded with comparable slit widths.

Experiments were repeated several times.

The high-pressure rig was purchased from Stansted Fluid

Power Ltd. The general layout comprises a hydraulic compressor

constructed from stainless steel. Ethanol is used as the hydraulic

medium. The two-stage pump is fitted with an intensifier and

Fig. 1 Synthetic scheme used for the preparation of the unsubstituted

dye, ROBOD. The inset gives the chemical formula of the substituted

dye, BODIPY.
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diaphragm compressor capable of reaching about 700 MPa. The

sample chamber has been machined from a block of stainless

steel and is equipped with three optical windows and a Bourdon

pressure gauge. The windows show good transmission at

wavelengths longer than 370 nm. For absorption measurements,

the sample chamber is connected to a Perkin-Elmer lambda-5

spectrophotometer using input and output optical fibre bundles.

The absorbance signal is calibrated by reference to the sample

solution being recorded in conventional cuvettes with back-

ground subtraction. For emission studies, an appropriate laser

diode is used as excitation source and output collected at 90u to

excitation is directed to the spectrofluorimeter with an optical

fibre bundle. Purpose-made cells are used to accommodate liquid

samples of appropriate concentration. For fluorescence studies,

the sample cell is a glass tube, diameter ca. 4 mm, having a

narrow mouth that can be capped with a poly(ethylene) seal. The

latter takes the form of a short tube that is heat-sealed at one

end. For absorption measurements, a hollow glass disk fitted

with a narrow inlet tube is used to hold the sample. This disk has

a diameter of ca. 1 cm and a pathlength of 2 mm. Again, a

poly(ethylene) tube is used as stopper for the cell and the actual

pathlength can be calibrated by absorption spectroscopy. Sample

cells and poly(ethylene) seals are used once and then discarded.

In a typical experiment, a solution of the relevant compound

was prepared (usually in methyltetrahydrofuran (MTHF) but

sometimes in CHCl3) and the concentration adjusted appro-

priately; absorption spectral measurements were made with an

absorbance of ca. 0.50 at the peak maximum and fluorescence

studies were carried out with an absorbance of ca. 0.05 at the

excitation wavelength. Spectra were recorded at atmospheric

pressure and compared with those obtained under conventional

conditions using optical cuvettes. The pressure was increased in

small jumps, the sample equilibrated at each pressure, and the

spectrum recorded. Having reached the maximum pressure, this

being restricted to 550 MPa for safety reasons, the pressure was

released and spectra recorded to ensure full reversibility of any

effects. In other experiments, the pressure was raised to 550 MPa

and released slowly with spectra being recorded at each stage. To

check for self-consistency, spectra were recorded at certain

pressures after leaving the sample for prolonged periods at that

pressure. All measurements were repeated using fresh solutions

and, for emission studies, different excitation wavelengths. Data

analysis included making background corrections, especially

for absorption measurements, and averaging several spectra

recorded under the same conditions.

Results and discussion

Photophysical properties

The starting point for this investigation lies with the unhindered

Bodipy dye, ROBOD, which is a member of a well-known class

of viscosity probes.17a In MTHF at room temperature, ROBOD

displays a strong absorption transition with a clear maximum at

502 nm, and a much weaker set of absorption transitions

stretching across the near-UV region. Fluorescence is observed,

with a maximum at 530 nm in MTHF, and shows reasonable

mirror symmetry with the lowest-energy absorption band

(Fig. 2). The Stokes’ shift of 1050 cm21 is modest and attests

to minor structural distortion accompanying population of the

first-excited singlet state.25 The phenylene ring gyrates around

the connecting single bond,16a causing slight buckling of the

dipyrrin backbone, in fluid solution at ambient temperature. In

turn, this rotary effect enhances nonradiative decay of the first-

excited-singlet state and causes a pronounced loss of fluores-

cence. The significance of the rotary action can be gauged by

comparing the photophysical properties of ROBOD with those

of the sterically blocked analogue, BODIPY, where the only

important structural change relates to the presence of methyl

groups at the 3,5-positions.

It might be argued that these methyl groups are not

sufficiently bulky to prevent rotation of the phenylene ring.

Certainly, the ring will gyrate about a mean position and

molecular dynamics simulations made in vacuo can be used to

suggest that infrequent full rotation takes place. Related dyes

studied by Lindsey and coworkers16a having blocking methyl

groups on the 2,6-positions of the phenylene ring but no dipyrrin

substituents do behave as molecular rotors, albeit ineffective

ones. Also, Kuimova et al.15c have reported a clear dependence

of the fluorescence quantum yield on the availability of methyl

groups at the meso-phenylene and/or dipyrrin unit. Furthermore,

we show below that the nonradiative rate constant determined

for BODIPY contains an activated component that could reflect

rotation of the meso-phenylene ring. To ensure that BODIPY

fulfills its role as a control compound, we have recorded the

pressure-induced absorption and fluorescence spectral changes

for perylene,20 where internal rotation cannot take place. Such

critical comparison indicates that BODIPY is, at best, a very

poor molecular rotor under our conditions.

Table 1 lists the absorption (lMAX) and emission (lFLU)

maxima recorded for the two dyes in MTHF at room

temperature. The slight shifts are due to the inductive effect of

the alkyl substituents. Also shown are fluorescence quantum

yields (WF), singlet-excited state lifetimes (tS), radiative (kRAD)

and nonradiative (kNR) rate constants and Stokes’ shifts (DSS)

for the two compounds recorded under identical conditions. It

can be seen that whereas nonradiative decay is relatively

unimportant for BODIPY, it is the dominant deactivation route

for ROBOD. Comparable results are found in a small range of

other solvents (see ESI{) and there are no obvious effects of

Fig. 2 Absorption spectrum (black line), presented in terms of the

molar absorption coefficient (e), and the normalised fluorescence

spectrum (grey curve) recorded for ROBOD in MTHF at room

temperature.

This journal is � The Royal Society of Chemistry 2012 RSC Adv.
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solvent polarity on the photophysical properties of these

compounds.26

To confirm that the enhanced nonradiative decay of ROBOD

is due to the rotor effect, the emission properties of both

compounds were recorded in MTHF as a function of tempera-

ture. In accordance with the Englman–Jortner energy-gap law,27

fluorescence from BODIPY is quite insensitive to changes in

temperature over the range from 77 to 300 K. However, WF

recorded for ROBOD increases markedly as the temperature

decreases and becomes comparable to that of BODIPY below

the freezing point of the solvent (Fig. 3). As the temperature

falls, the emission profile narrows slightly but does not undergo

a significant spectral shift until the solvent freezes at ca. 150 K.

On forming a glassy matrix at ca. 100 K, the fluorescence profile

sharpens further and undergoes a small blue shift. Comparable

spectral changes are found for BODIPY but here WF increases

only slightly (i.e., ,10%) as the temperature decreases.

kNR~k0
NRzkACTe{

EA
RT (1)

For both dyes, the nonradiative rate constant falls smoothly as

the temperature drops and can be explained quantitatively in

terms of eqn (1) where k0
NR is a temperature independent rate

constant that tends to dominate in the glassy region, kACT is an

activated rate constant for nonradiative decay in the liquid

phase, and EA is the activation energy for the latter process

(Fig. 4). The derived parameters for the two dyes are collected in

Table 1. It might be considered that the activationless rate

constant included in eqn (1) is redundant, especially in the liquid

phase, although it must improve the overall quality of the fit.

When extending the fit to include the frozen and glassy states

(MTHF freezes at about 147 K but does not form an optical

glass until around 100 K) the fit demands inclusion of k0
NR. This

latter term includes intersystem crossing to the triplet manifold

and vibrational relaxation to the ground state. Both of these

processes should be activationless.27 It is not possible to simply

ascribe the activated step to rotation of the phenylene ring (i.e.,

the rotary action that underpins the ability of ROBOD to

monitor local viscosity) because the exact nature16a of the

excited-singlet state potential energy curve is not known. It is

likely that, in these unconstrained Bodipy derivatives, more than

one structural motion is linked to nonradiative decay. Even for

BODIPY, the fit to the experimental data collected over the full

temperature range requires both kACT and k0
NR.

It can be seen that whereas k0
NR is similar for the two

compounds, there are significant differences in the activated

terms. Thus, the temperature-dependence studies indicate that

ROBOD is characterised by a relatively small activation barrier

of ca. 11 kJ mol21. This barrier is believed to correspond to

gyration of the phenylene ring around the dipyrrin backbone and

is unavailable for the sterically-locked dye; as such, EA includes

an important contribution from the temperature effect on the

viscosity of the solvent. For BODIPY, a much higher barrier of

ca. 31 kJ mol21 is found and this is difficult to cross at ambient

temperature. The origin of this barrier is far from obvious but

might also involve some type of ring rotation in the excited state.

Note that intersystem crossing to the triplet manifold is relatively

unimportant for both dyes. This point becomes significant when

designing practical systems since triplet formation promotes

generation28 of singlet molecular oxygen.

Effect of increased viscosity

In principle, the barrier to internal rotation of the meso-

phenylene ring present in ROBOD should increase with

Table 1 Summary of photophysical properties recorded for the two
fluorophores of interest in MTHF solution.

Property ROBOD BODIPY

lMAX/nm a 502 525
lFLU/nm a 530 547
WF

a 0.023 0.72
tS/ns a 0.15 4.8
DSS/cm21 1050 765
kRAD/108 s21 a 1.5 1.5
kNR/107 s21 630 0.06
kNRu/107 s21 6.2 2.8
kACT/1011 s21 5.2 110
EA/kJ mol21 11.0 31.1
a Refers to room temperature.

Fig. 3 Effect of temperature on the fluorescence spectrum of ROBOD

in MTHF; temperatures range from 290 K to 80 K in increments of 10 K.

The emission intensity increases as the temperature falls while there is a

sharpening and small blue shift once the solvent starts to freeze. See text

for a full description of these effects.

Fig. 4 Effect of temperature on the rate constant for nonradiative decay

of ROBOD in MTHF. The parameters derived from the fit to eqn (1)

(solid line) to the experimental data (circles) are given in Table 1.

RSC Adv. This journal is � The Royal Society of Chemistry 2012
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increasing viscosity of the surrounding solvent, although the

effect might be non-linear17 and more correctly described in

terms of microviscosity. Two experiments were made in order to

assess this situation with ROBOD in chloroform; the change in

solvent being necessitated by the need to add an inert polymer,

namely poly(methylmethacrylate), PMMA. Firstly, the effects of

added PMMA (molar mass = 140 000 g mol21, density = 1.185 g

cm23) on the fluorescence yield of ROBOD were explored under

ambient conditions. In fact, WF is hardly affected by the presence

of high concentrations of polymer as can be seen from Fig. 5.

There is a small increase in WF with increasing PMMA content,

amounting to a change from 0.036 to 0.043 on addition of a high

concentration (i.e., 25% w/v) of PMMA. This corresponds to a

decrease in kNR of ca. 20%. Within experimental limitations, this

increase is linear with respect to PMMA concentration, although

there is considerable spread of the data caused by the relative

insensitivity. The presence of PMMA raises the viscosity of the

solution by a significant amount29 (see ESI{). Although it is

known17 that ROBOD responds to changes in local viscosity, as

adjusted by changing the nature of the bulk solvent, this appears

not to be the case when the viscosity is altered30 by addition of a

linear polymer; the shear viscosity increases from 0.563 mPa s in

the absence of polymer to 3.21 mPa s for the highest

concentration of PMMA used here. When the same change in

viscosity is realised by changing the nature of the solvent, WF

increases by 2.15-fold at 20 uC.

The inference to be drawn from this observation is that

ROBOD remains in the CHCl3 solvent and does not interact

significantly with the polymer. As such, its fluorescence

behaviour is somewhat isolated from the full rheological effects

of the added PMMA. Likewise, the presence of polymer has no

effect on either absorption or fluorescence maximum in CHCl3
solution. Comparable behaviour was found for BODIPY under

the same conditions where the presence of PMMA has essentially

no effect on the fluorescence quantum yield or optical properties.

In the second experiment, we examined the effect of applied

pressure on the fluorescence properties of ROBOD in CHCl3 at

20 uC. Under such conditions, the density (r = 1.483 g cm23) of

CHCl3 increases and its freezing point, which occurs at 263.5 uC
at atmospheric pressure, is elevated to room temperature under

an applied pressure of 0.6 to 0.8 GPa.31 The magnitude of the

pressure-induced density change can be monitored by following

the absorbance at the maximum of the S0-S1 absorption

transition (Fig. 6). There is a progressive increase in absorbance

with applied pressure that amounts to a factor of ca. 20% over a

pressure range of 0–550 MPa. Because of this latter effect, there

is also a small change in polarisability of the solvent32 which, in

turn, causes a substantial red shift for both absorption and

fluorescence maxima recorded for ROBOD; these shifts amount

to ca. 15 nm for a pressure increase to 550 MPa. Over the same

pressure range, there is a substantial increase in WF which, after

correction for compression of the solvent, amounts to an

increase from 0.034 at atmospheric pressure to 0.092 at

550 MPa (Fig. 7). Before attempting analysis of these data it is

prudent to consider similar experiments made for the control

dye.

Thus, applied pressure causes an increase in absorbance and

small red shift for the peak maximum for BODIPY in MTHF at

room temperature; N.B. the effects of pressure on the properties

of MTHF have been described earlier.20 There is a similar red

shift for the fluorescence maximum and a small increase in WF,

after correction for the density change. This modification of WF

is due to a pressure-induced increase in the solvent refractive

index and therefore a corresponding increase in kRAD (Fig. 8a).

This conclusion is supported by the observation that the

nonradiative rate constant, kNR, is insensitive to changes in

applied pressure over the full range (Fig. 8b). Unlike ROBOD,

the constrained Bodipy dye is, at best, a poor molecular rotor

under these conditions. To be sure on this point, a further series

of control experiments were made with perylene (WF = 0.88 and

tS = 5.9 ns at atmospheric pressure) in MTHF, where there is no

possibility for internal rotation. The derived data are shown on

Fig. 8. Increased pressure causes a very slight increase in WF

(Fig. 8a) due to the effect on kRAD but no change in kNR

(Fig. 8b).

Fig. 5 Effect of added PMMA on the fluorescence quantum yield of

ROBOD in CHCl3 at 20 uC. Experimental points correspond to a

titration with PMMA (black circles) and interpolation of the pressure-

sensitive studies (red circles). In both cases, the solid line is a least-squares

fit to a linear expression.

Fig. 6 Effect of applied pressure on the absorption spectral profile

recorded for ROBOD in CHCl3 at room temperature. The pressure is

varied from atmospheric pressure to 550 MPa in increments of 27.5 MPa.

The absorbance increases progressively with increasing pressure while the

peak maximum undergoes a small red shift due to the change in

polarizability.

This journal is � The Royal Society of Chemistry 2012 RSC Adv.
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Now we return to the pressure effect on WF observed for

ROBOD in CHCl3 (Fig. 8a). The entire curve can be fit to a

power law expression of the type shown by eqn (2) where A and

B are constants and C is the power coefficient. This expression

implies that there is a limiting WF (A = 0.033) at low pressure and

a pressure moderator (B = 110 MPa21). The derived value for

the coefficient (C = 1.0) indicates that WF evolves linearly with

applied pressure, which is somewhat surprising in that pressure

exerts an effect on both kRAD, because of the refractive index

modulation, and kNR. Perhaps, the apparent linearity reflects the

fact that kNR dominates the deactivation process for this system.

It is also to be expected that WF will become independent of

pressure at very high pressure, or more correctly as WF

approaches unity, but we are unable to access this range.

WF = A + (BP)C (2)

For ROBOD in CHCl3 at room temperature, pressure affects

kNR in a nonlinear manner (Fig. 8b). This is not so surprising

because pressure has several simultaneous effects on factors

affecting the fluorescence yield; e.g., increasing frictional forces,

bending the dipyrrin backbone and modifying the shapes of

ground- and excited-state potential energy surfaces. We attribute

the general effect to inhibition of the rotary action33 caused by

closer packing of solvent molecules under pressure. At relatively

high pressure (P .200 MPa), a log–log plot for kNR vs. P is

linear with a gradient of 20.60. This is interesting in as much as

Kramers’ theory9 predicts a corresponding linear log–log plot for

kNR vs. viscosity, where the usual gradient is roughly 20.67. We

do not know the precise relationship between pressure and

viscosity for CHCl3 but such correlations are often linear and, as

such, the high-pressure behaviour illustrated for ROBOD on

Fig. 8b seems reasonable. In the low pressure region, kNR tends

towards a pressure-independent value that must correspond to a

regime where viscosity no longer controls the dynamics of ring

rotation. Again, this situation is fully consistent with Kramers’

theory.9

Effects of applied pressure in the presence of added PMMA

It will be recalled that addition of PMMA has little effect on the

absorption or emission properties of these dyes in CHCl3
solution. There seems to be no real attraction between dye and

polymer in this solvent under ambient conditions. Indeed,

control experiments made with BODIPY and perylene in

CHCl3 containing PMMA (5% mass per volume) gave results

strikingly similar to those obtained in the absence of polymer.

The main difference is that solutions containing high concentra-

tions of PMMA are more compressible than is pure CHCl3 at

ambient temperature. This has important consequences for the

local viscosity which, at any given pressure, is elevated by the

presence of polymer. It could be that PMMA acts as a screen to

overcome repulsive interactions between lone pairs on the

chlorine atoms as the solvent compresses. Taking due account

of the density change under applied pressure, we conclude that

PMMA has little effect on the photophysical properties of these

two control dyes. However, on raising the pressure in the

presence of PMMA fluorescence from ROBOD becomes more

noticeable and, in particular, WF increases steadily with

increasing pressure (Fig. 9 and ESI{).

The rate of increase of WF with applied pressure is significantly

more pronounced in the presence of PMMA. The net effect of

pressure on WF can be described in terms of eqn (2),34 although

the apparent linearity seen in the absence of polymer is lost.

Indeed, at high concentrations (.5% mass per volume) of

PMMA the derived profiles are clearly curved. It is recognised

that the specific viscosity35 of the solution increases linearly with

increasing mass percent of PMMA in CHCl3 and throughout the

Fig. 7 Effect of applied pressure on the fluorescence spectral profile

recorded for ROBOD in CHCl3 at room temperature. The pressure is

varied from atmospheric pressure to 550 MPa in increments of 27.5 MPa.

The emission intensifies progressively with increasing pressure while the

peak maximum undergoes a small red shift due to the change in

polarizability. The excitation wavelength was 406 nm.

Fig. 8 Effect of applied pressure on the derived photophysical proper-

ties for ROBOD (black), BODIPY (red) and perylene (green) in MTHF

at room temperature. (a) Relative fluorescence quantum yield where WF
0

refers to atmospheric pressure. (b) Nonradiative decay rate constant

where the values for ROBOD are divided by 100 for convenient

comparison.
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range of PMMA concentrations, the value determined from the

fit for the parameter A agrees well with that expected for the

emission quantum yield in the presence of PMMA at atmo-

spheric pressure (Table 2). These data are shown on Fig. 5 and

lead to an improved understanding of how polymer concentra-

tion affects the fluorescence yield. As observed for the direct

titration experiment, WF appears to evolve in a linear manner

with added polymer, although the overall effect is modest and

the high level of experimental uncertainty precludes close

scrutiny of the fit. The two sets of data are reasonably consistent,

although the fits diverge at high concentration of PMMA, and

confirm that the presence of polymer does not, by itself, have

much effect on the fluorescence quantum yield of the dye in

CHCl3 solution.

The remaining terms in eqn (2),34 namely the pressure

moderator B, having units of inverse pressure, and the power

coefficient C, increase systematically with increasing concentra-

tion of PMMA (Table 2). These two terms are likely correlated

by the analysis but separating B from the power coefficient (i.e.,

WF = A + BPC) does not change the situation. Attempting to

restrict either B or C to the value derived without added PMMA

fails to fit the experimental data; quite clearly C must increase

throughout the data set to account for the observed curvature,

but poor fits arise when fixing B. One feature to bear in mind is

that pressure affects both kRAD and kNR, as mentioned earlier,

but is acerbated as WF increases. It is also important to stress that

WF must start to level out to a maximum value at very high

pressure. This behaviour, which is not seen is our experiments, is

not predicted by eqn (2).

It might be recalled that, within experimental limits, WF

increases linearly with specific viscosity and it is known36 that the

rotational relaxation time (tR) of CHCl3, measured by NMR or

FTIR spectroscopy at 303 K, increases progressively over the

pressure range of interest to our studies. In turn, tR is expected to

evolve in a first-order manner with shear viscosity divided by

absolute temperature.37 We can use this information to suggest

that the observed pressure effect is not a simple consequence of

increased shear viscosity. Rather, the evolution of WF seen here

(Fig. 9) is unique to the application of pressure in the presence of

PMMA.

The effect of applied pressure on kRAD in the presence of

PMMA is unknown and therefore it is not possible to make the

same kind of analysis for kNR as outlined above in the absence of

polymer. At low concentrations of PMMA, log–log plots do

show a linear region at high pressure when kRAD is taken to be

that measured in pure CHCl3 but the gradient (a) decreases

slightly with increasing amount of polymer (Table 2). This

linearity disappears at high polymer concentrations.

Now, the overall effect is quite pronounced in as much as the

combination of applied pressure and added PMMA restores

fluorescence from ROBOD but not to the level found for

BODIPY. At 550 MPa in the presence of 25% m/v PMMA, WF

reaches 0.30 which represents an increase of almost 9-fold

relative to pure CHCl3 at atmospheric pressure. Under the same

conditions, WF for BODIPY increases by ,5%. Thus, PMMA

and pressure act in synergy to enhance fluorescence from

ROBOD and it is natural to attribute this situation to blocking

of the rotary motion of the phenylene ring. The simplest

explanation for this effect can be summarised as follows: under

pressure, the polymer starts to coil as a means by which to relieve

the stress, most notably satisfying the need to lower the volume

of the solution, and this structural change will entrap dye within

the network. Close contact between polymer and dye will

severely hinder rotation of the phenylene ring, cutting off

nonradiative decay and restoring fluorescence. The net effect

would be to coat the dye with a surrounding layer of plastic.

Although attractive, this argument does not take due account of

the known pressure effect on certain polymer solutions.38

It should be recognised that CHCl3 is a good solvent for

PMMA and, as such, the polymer will persist in a relatively

extended conformation.39 The fluorescent dye remains in the

CHCl3 such that its spectroscopic properties are insensitive to

the presence of PMMA. Compression of the solution will lead to

Fig. 9 Effect of applied pressure for ROBOD in MTHF containing

PMMA at 20 uC: [PMMA] values are 0, 1, 2, 5, 10, 18 and 25% m/v. (a)

The effect of applied pressure on the fluorescence quantum yield where

the solid line is a fit to eqn (2). (b) The effect of pressure on the

nonradiative decay rate constant. In each case, the arrow indicates the

direction of increasing [PMMA].

Table 2 Parameters associated with the effects of applied pressure on
the photophysical properties of ROBOD at 20 uC in CHCl3 containing
PMMA.

[PMMA]a Ab B/MPa21 C ac

0 0.033 110 1.01 20.59
1 0.034 130 1.04 20.62
2 0.035 160 1.10 20.66
5 0.040 225 1.20 20.73

10 0.040 250 1.20 20.77
18 0.046 430 1.40 NA
25 0.050 760 1.58 NA
a Concentration of added PMMA expressed in terms of % mass to
volume. b Corresponds to the limiting WF in the absence of PMMA
and at atmospheric pressure. c Corresponds to the gradient of a log–
log plot of pressure vs. kNR.
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a marked escalation in PMMA concentration as the density

increases but there is little evidence in the scientific literature to

indicate that the radius of gyration of an added polymer changes

with pressure.40 The increased friction that accompanies the

application of high pressure, therefore, is considered to arise

from two complementary effects. Firstly, as the density of the

solvent increases there is a concomitant increase in the

concentration of the polymer and, in turn, this raises the

viscosity. This situation is aided by the polymer chains serving to

isolate CHCl3 molecules such that there is less resistance towards

compression and, at a given pressure, the density is higher in the

presence of PMMA. Secondly, pressure modifies the extent of

interaction between dye and polymer. In the limiting case, this

could lead to the polymer coating the dye. Since pressure affects

each individual part of the system (i.e., dye, solvent and polymer)

to differing degrees, it is not unreasonable that the power

coefficient C exceeds unity or that the moderator term B depends

on the composition of the mixture.

Conclusions

It might be possible to develop the molecular system described

here as a simple but effective pressure sensor at ambient

temperature. Such materials could be applicable for the routine

detection of pressure, or accompanying viscosity, under hazar-

dous or remote conditions. For example, lubrication usually

involves the subjection of a polymer solution to very high

pressures for extended periods under circumstances where it is

difficult to make real-time measurements. Exposure to high

pressures has no long-term effect on the fluorescence properties

of the dyes used herein and control studies can be made with

dyes unable to undergo internal rotation. The change in

rheological properties of macromolecular solutions under

applied pressure is a subject of considerable industrial impor-

tance but it presents severe challenges to both theory and

rigorous experimental study. We consider this investigation as

being a starting point for a detailed examination of the subject.

A complicating issue in terms of sensor development is that the

nonradiative rate constant depends on temperature. The actual

relationship is complex and, at least for the present case, cannot

be attributed to specific effects. There are at least three factors

involved; viscosity, internal rotation, and backbone twisting. In

this work, the activation studies are given only to indicate the

rotor effect and the temperature dependence is treated globally.

It is also important to stress that a more complete understanding

of how pressure affects the rotary action of the sensor is needed.

Indeed, eqn (2) needs to be replaced with a version that accounts

for very high pressures and for which the parameters B and C

can be assigned to physical terms. This is particularly so for the

interaction between polymer and rotor. At present this is not the

case but, to the best of our knowledge, this is the first report of a

combined (solvent and polymer) system and there are many

variables that need to be examined before firm mechanistic

conclusions can be drawn.
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