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Abstract Protonation, charging, and field effects on the

thermal isomerization of a nitrospiropyran (SP) modified

by a thiolated etheroxide chain into merocyanine (MC) are

computationally studied at the DFT level. The ring opening

leads to cis-MC conformers that then isomerize to the more

stable trans forms. While the closed neutral spiropyran is

more stable than the conjugated open forms, the merocy-

anine conformers are significantly stabilized by proton-

ation, electron attachment, and ionization. For protonation

on the pyran oxygen atom and electron attachment, the MC

conformers are more stable than SP, and unlike for the

neutral species, the ring opening is spontaneous at room

temperature. Moreover, for the pyran oxygen-protonated

form, the ring opening to the cis-merocyanine becomes

barrierless. On the other hand, barriers comparable to the

neutral remain along the thermal pathway to the cis-mer-

ocyanine conformer for ionization or electron attachment,

and the barrier for isomerization is significantly higher for

the N-protonated SP form. External field effects on the

neutral reaction path show that ring opening to the cis-

merocyanine is favored when the field reduces the electron

density on the pyran part, as also induced by the local field

due to O protonation.

Keywords Thermal isomerization of spiropyran � Field

effects � Protonation effect � Charging effects � Quantum

chemistry

1 Introduction

Spiropyran (SP) are well-known photochromes that can

reversibly photoisomerize to a conjugated open form, the

merocyanine (MC). The SP molecule is made of two

orthogonal moieties, an indole part and a benzopyran part

(see Fig. 1). The absorption of UV light causes the cleav-

age of the weak C4–O9 bond of the colorless closed SP

form that isomerizes first to cis-open-MC conformers and

then to more stable trans-MC ones [1–5]. All the MC

conformers absorb in the visible. The conversion from a

close SP form to an open planar conjugate MC form is

accompanied by changes in optical, polarization, and

transport properties. This reversible switching of properties

upon isomerization makes spiropyran derivatives attractive

candidates for designing optical switching [6–10] and

storage [7, 11–13] devices, sensors [14–17] and cell

imaging [18, 19].

The photochemical isomerization of various spiropyran

molecules in different media (gas phase, solution, mono-

layers, polymers) has been extensively experimentally

[1–3, 20–30] and theoretically [31, 32] studied in order to

understand the reaction mechanism. Less studied, however,

are the effect of protonation, charge, and external fields on

the isomerization pathway of this electrocyclic reaction. It

was recently reported that the rate of isomerization of the

SP form is considerably increased by protonation of the
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pyran O at room temperature [33]. This experimental

finding is supported by semi-empirical computations which

report that the ring opening of the O-protonated form to

cis-MC becomes barrierless [34]. Stimulated by these

results and in view of potential use of the charged and

protonated forms as well as applying static fields in the

design of molecular logic devices, we investigated pro-

tonation, charging, and field effects on the thermal isom-

erization pathway using density functional theory (DFT).

For each of these effects, the Gibbs energies are calculated

along the reaction coordinate. While the photoinduced SP

to MC isomerization is usually faster than the thermal

route, it is important to understand which processes can

occur in the dark route for designing efficient and reliable

devices.

Experimental photochemical studies of the neutral

isomerization pathway in the gas phase [23] and in organic

media [5, 35, 36] show that the ring opening of SP pro-

ceeds through several steps involving MC conformers as

intermediates. They are labeled by three letters indicating a

cis(C) or a trans(T) value for the a, b, c angles defined in

Fig. 1 [37]. In the first step, SP absorbs in the UV region,

and the C4–O9 bond cleavage (see Fig. 1) leads to the

metastable cis (CCC)-MC. The other steps are isomeriza-

tions between the different MC conformers. The most

stable TTC conformer can be reached via the CCC, CTC,

or TCC conformers that are metastable. The photo-acti-

vated pathways are not yet fully characterized. Uncertain-

ties remain about the relative stability of some

intermediates, like that of the CCC conformer with respect

to the CTC one [38]. The reverse reaction can be induced

thermally or via VIS excitation.

We focus on the 10,30-dihydro-10-R,30,30-dimethyl-6-nitro-

spiro[2H-1-benzopyran-2,20-[2H]indole] [21, 22] shown in

Fig. 1 which is modified by a thiolated etheroxide chain

(R = (CH2)2O(CH2)4SH) [13, 39–41]. Because the linker

can take different conformations, there exist several stable

SP conformers. In addition, the SP form has two enantio-

mers because the carbon atom C4 is chiral [42]. The R

enantiomer is shown in Fig. 1. For each of the stable con-

formers of the SP form, several open MC conformers which

differ by the values of three torsional dihedral angles a, b,

and c are stable. The TTC conformer is shown in Fig. 1.

We report detailed computations of the thermal reaction

path and energetics of the isomerization reaction for the

two enantiomers of two conformers of the SP form which

differ by the value of the dihedral angle involving the

linker, the C1–C2–N3–C4 dihedral angle (see Fig. 1). Our

motivation for doing so is that while they are very close in

energy and almost isoenergetic, the two conformers exhibit

different reaction paths because of the difference of the

steric hindrance due to the ligand on the ring opening. We

then report on external field effects on the thermal isom-

erization mechanism of the neutral species. The SP form

has two protonation sites: on the O atom of the pyran

moiety and on the N atom of the indole part. We investi-

gated the thermal reaction paths for both protonation sites,

as well as those for the SP cation and anion.

2 Computational methodology

We use density functional theory as implemented in the

suite of quantum chemistry programs Gaussian09 [43]. The

choice of the functional and basis set needs to satisfy two

requirements. The first one is to account correctly for the

dispersion interactions that stabilize the SP form. These

interactions occur between the CH3 group on the indole

part and the pyran part and induce two weak H-bonds

between the H atom of the CH3 group and the O atom of

the pyran. (These bonds are indicated in Fig. 2 below). In

addition to these, in the SP form, there is also a weak

H-bond between a CH2 group (H-C1 or H-C2) of the linker

close to the N3 atom of the indole and the O9 atom of the

UV

Fig. 1 Isomerization of the

thiol, (CH2)2O(CH2)4SH,

derivative of 10,30-dihydro-

10-R,30,30-dimethyl-6-

nitrospiro[2H-1-benzopyran-

2,20-[2H]indole]. The carbon C4

is chiral. The spiro (SP) form is

the R closed conformer (left)
and the merocyanine (MC) the

open one (right). The open

conformers are defined by three

dihedral angles a = N3–C4–

C5–C6, b = C4–C5–C6–C7,

c = C5–C6–C7–C8
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pyran (see Fig. 2 below). When the ring is opened, a

stronger H-bond takes place between the O9 and the H–C5

or H–C6 group but overall the dispersions interactions are

much weaker in the MC forms. The dispersions interac-

tions occurring in the SP form make it more stable than the

MC form in the neutral state which is what is observed

experimentally [42]. To account for them correctly, it is

necessary to use long range interaction corrected func-

tionals [44–47]. The second effect that needs to be taken

into account is the distortion of the electron density

induced by applying an external static electric field. For

doing so, large basis sets with diffuse functions are nec-

essary. We use the 6-311?G(d,p) and the 6-311??G(d,p)

basis sets. Two functionals were systematically investi-

gated: B3LYP [48] and the long range interaction corrected

CAM-B3LYP [45, 49]. The B3LYP/6-311??G(d,p) level

accounts for the H-bond in the MC form but fails to cor-

rectly describe the long range interactions in SP and leads

to numerically degenerate SP and MC conformers. On the

other hand, the long range interaction corrected CAM-

B3LYP/6-311?G(d,p) level leads to the experimental

stability order for the neutral species, SP being more stable

than MC. In addition, for this level, tests show that the

energy differences between conformers, field free and in

the presence of a static field do not vary when going to the

larger 6-311??G(d,p) basis set (see Tables S1 and S2).

We therefore report results for the CAM-B3LYP/

6-311?G(d,p) level throughout the paper and when of

interest, we mention results for the B3LYP functional. We

also report below results obtained with the long range

interaction corrected M06-2X [46] functional for the SP

form which is prone to dispersion interactions.

All stable minima and TS were checked by frequency

computations at the same level and the geometries of the

TS confirmed by IRC computations.

3 Thermal isomerization of the neutral

Since we focus in this paper on the protonated and charged

species isomerization pathways and on field effects,

establishing the energetics of the thermal reaction path of

the neutral thio-nitrospiropyran shown in Fig. 1 is impor-

tant for comparisons at the same computational level. In

addition, our study of the neutral thermal isomerization

pathway provides understanding on the role of the steric

hindrance and weak interactions between the linker and the

SP or MC units. These effects are of interest for the

isomerization of an anchored spiropyran, which is often

the case for sensing, logic or storage device applications.

The reason is that while the isomerization of the neutral SP

to MC is usually induced by photoactivation, the MC

conformers being less stable than the SP form, the back

isomerization can occur thermally. The characterization of

the isomerization barriers between the different merocya-

nine conformers is also of interest as the final steps of the

forward photochemical pathways.

We first investigated the relative stabilities of the dif-

ferent conformers. Those are mainly of the MC form.

However, the SP form has two enantiomers because it has a

chiral center, C4 in Fig. 1. In addition, several almost

isoenergetic conformers of the SP and the MC are possible

because of the different conformations of the linker chain.

Among those, we investigated in details two conformers of

the SP form that differ by the value of the dihedral angle

d(C1–C2–N3–C4) (see Fig. 1). These two conformers have

a different pathway for the opening of the cycle due to

differences in the steric hindrance of the linker. Since each

of them has two isoenergetic enantiomers, we report on the

isomerization pathways of four SP conformers. Their

computed equilibrium geometries are shown in Fig. 2, and

the energetics and some relevant geometry parameters of

each conformers are reported in Table 1. The pair of

enantiomers that we call SP1 is the lowest in energy when
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Fig. 2 Equilibrium geometries of the conformers of SP molecule

shown in Fig. 1 a S-SP1; h = d(C1–C2–N3–C4) = 127.2�, b R-SP1;

h = -127.6�, c S-SP2; h = -79.4�, d R-SP2; h = 79.7�. Important

H-bond between the O of the pyran and the CH3 group of the indole

and the CH2 group of the linker, respectively, are indicated in dotted

lines. For a given conformer, the two enantiomers S and R have

opposite sign of the dihedral angle h. Both enantiomers exhibit the

same H-bond pattern. For S-SP2 and R-SP2, conformers with initial

dihedral angle of ?127� and -127� relax to stable SP2 conformers

with h = |79|�
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computed at the CAM-B3LYP/6-311?G(d,p). They cor-

respond to a value of the dihedral angle d(C1–C2–N3–C4)

of |127|�. The second pair of stable enantiomers exhibits a

value of the dihedral angle d(C1–C2–N3–C4) of |79|� and

is called SP2. The SP2 enantiomers are also isoenergetic

within numerical accuracy, see Table 1. On the other hand,

the SP1 and SP2 conformers differ by the trans (SP1)- or

the cis (SP2)-orientation of the C1–C2 bond of the linker

with respect to the C4–O9 bond of the pyran. This differ-

ence leads to more steric hindrance for the opening of the

C4–O9 bond for the SP2 conformers and to higher energy

barriers as discussed below. It also plays a role in N-pro-

tonated isomerization pathway (see Sect. 5).

The order of stability of the SP1 and SP2 conformers

depends on the relative strength of the two kinds of

H-bonds that can take place : those between the CH3 group

of the indole and O of the pyran and the H-bond between

one of the CH2 group of the linker and the O of pyran, see

Fig. 2. In the S-SP2 conformer, the H-bond takes place

between the C1 carbon of the linker and the O of the pyran

part, while for the S-SP1, it is the C2 carbon of the linker

that is involved. The SP1 and SP2 conformers are com-

puted to be numerically quasi degenerate. The energy

difference between them being small, their order of sta-

bility depends on the functional used. At the CAM-B3LYP/

6-311?G(d,p) level, the linker-pyran H-bond is stronger in

SP2 and leads to a more rigid geometry for SP2 with

systematically slightly larger vibrational frequencies for

the lowest normal modes (see Fig. 2). The computed free

energy difference at 298 K between the S-SP1 and S-SP2

Table 1 Relative ZPE corrected and free energies (kJ mol-1) of the SP and MC conformers as well as of the transition states along the

isomerization pathways reported in Fig. 3, computed at CAM-B3LYP/6-311?G(d,p) level (with respect to S-SP1)

Conformer DE ZPEcorrected DG C4–O9 h a b c

S-SP1 0.0 0.0 1.467 127.2 124.9 -1.5 -2.2

S-SP2 1.3 4.2 1.474 -79.4 131.8 -2.5 -4.9

R-SP1 0.5 2.8 1.466 -127.6 -128.3 1.9 3.8

R-SP2 1.3 4.9 1.474 79.7 -131.3 2.4 4.7

TTCa 40.3 35.8 4.133 85.7 178.2 178.4 -1.4

TTTa 45.3 42.5 4.977 95.4 178.0 179.0 179.9

CTCa 47.4 50.9 4.148 86.9 -8.9 178.8 -0.9

CTTa 51.0 48.3 5.019 94.3 -11.7 -178.3 174.2

S-CCCa 68.1 68.4 2.637 95.4 42.5 16.7 14.1

CCTa 85.2 78.1 5.275 84.0 22.7 26.0 -176.7

TCTa 115.9 113.0 5.339 87.6 179.7 -3.0 178.7

TTCb 41.7 38.5 4.128 -84.7 -178.3 -177.8 1.8

TTTb 47.9 44.6 4.970 -98.2 -178.6 -178.3 -179.7

CTCb 53.2 51.2 4.115 -94.5 10.8 178.6 2.7

CTTb 51.0 51.5 5.026 -93.9 11.4 178.6 -174.4

R-CCCb 70.1 68.7 2.636 -98.2 -42.8 -16.6 -13.4

CCTb 94.9 98.0 5.292 -123.3 17.6 35.6 -175.7

TCTb 116.8 112.2 5.339 -87.8 179.8 3.9 -178.4

TS1 68.8 73.0 2.361 101.9 62.1 11.6 14.9

TS2 125.4 118.3 3.354 89.6 -3.6 94.4 -4.9

TS3 115.2 113.3 4.042 88.9 90.9 -178.8 1.7

TS4 125.2 121.4 3.342 90.0 179.2 -88.5 -0.1

TS5 70.8 74.5 2.374 -104.6 -61.5 -11.8 -14.5

TS6 117.9 123.3 3.389 -91.8 5.9 -96.0 4.7

TS7 118.0 116.9 4.038 -88.0 -91.1 179.4 -1.9

TS8 125.3 121.3 3.339 -90.2 -179.2 88.7 -0.1

TS9 123.6 128.0 3.413 -95.6 -4.0 98.8 -6.0

TS10 122.3 119.2 3.327 -79.2 179.2 -87.0 -1.4

TS11 123.3 119.2 3.359 96.6 -0.2 -94.4 2.9

TS12 122.2 118.3 3.330 79.5 -179.3 87.1 1.4

The corresponding values of the C4–O9 bond (in Å) and dihedral angles h = d(C1–C2–C3–N4), a = N3–C4–C5–C6, b = C4–C5–C6–C7,

c = C5–C6–C7–C8 (in degree) (see Fig. 1) are also reported. The difference between the DE ZPEcorrected and DG for S-SP1 is -173.8 kJ mol-1
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conformers is 4.2 kJ/mol. This energy difference is mainly

due to the entropy effect, the zero point energy (ZPE)

corrected energy difference between two conformers being

1.3 kJ/mol, see Table 1. The same is true at the B3LYP/6-

311?G(d,p) level, see Table S3. On the other hand, at the

M06-2X/6-311?G(d,p) level, both kinds of H-bond are

stronger in SP2 than in SP1, which leads to a reverse of the

order of stability with respect to the CAM-B3LYP level,

SP2 being more stable than SP1 by 1.7 kJ/mol for elec-

tronic energies, see Table S3.

The two enantiomers of a given conformer follow the

same reaction pathway. However, the opening of the C4–

O9 bond in the R and S enantiomers of SP1 and SP2 does

not lead to the same family of MC conformers, again

because of a different orientation of the linker. S-SP1 and

R-SP2 lead to positive values of the dihedral angle h
ranging between ?84.0� and ?95.4� in the planar MC

conformers (labeled MCa), while for R-SP1 and S-SP2, the

values of the dihedral angle h are negative and range

between -84.7� and -123.3� (labeled MCb) (see Table 1).

The energies and geometries are reported in Table 1 and in

Fig. S1 of the ESM. Each conformer of MCa is quasi iso-

energetic with the corresponding MCb one with free

energy differences in the range 0.5–3.0 kJ/mol except the

CCT conformer for which the computed energy difference

between CCTa and CCTb is 19.9 kJ/mol. Note that this

conformer is not involved in the reactions we discussed

below. Barriers for isomerization among the MCa or the

MCb conformers are in the range of 50–70 kJ mol-1, see

Table 1 and Fig. 3. The stability order of MCa open con-

formers at the CAM-B3LYP/6-311?G(d,p) level is com-

puted to be:

TTCa[TTTa[CTTa[CTCa[CCCa[CCTa[TCTa

ð1Þ

while for the MCb conformers, we get:

TTCb[TTTb[CTCb[CTTb[CCCb[CCTb[TCTb

ð2Þ
The TCC conformer is not stable because of the steric

hindrance due to the methyl group and relaxes to the SP

conformer upon geometry optimization. A trans configu-

ration for the dihedral angle b has less steric hindrance. In

agreement with ref [50], conformers that are trans (T) for

the b dihedral angle (TTC, TTT, CTC, CTT) are therefore

computed to be more stable than conformers that are cis for

that angle (CCC, CCT, TCT). TTC and TTT are found to

be more stable than other MC conformers in agreement

with refs [21, 51, 52]. In the gas phase, SP is more stable

than TTC. The zero point energy (ZPE) corrected energy

difference between the S-SP1 and TTCa is 40.3 kJ/mol at

the CAM-B3LYP/6-311?G(d,p) level and the free energy

difference is 35.8 kJ/mol at 298 K, see Table 1. (Using the

B3LYP functional without long range corrections, SP and

TTC are closer in energy, DG is 14.5 kJ/mol at B3LYP/6-

31G(d,p) and 1.2 kJ/mol at B3LYP/6-311 ??G(d,p), see

Table S1. The larger stability of the SP form implies that

the thermal back isomerization to SP is spontaneous at

room temperature, in agreement with experimental results

[42]. On the other hand, as we report below, charging or

protonation of the SP stabilizes the MC forms compared to

the SP one. In the case of the anion and the O-protonated

species, the order of stability is reverted and MC is more

stable than SP, making the forward reaction (ring opening)

spontaneous at room temperature.

The neutral isomerization pathways for the SP1 and the

SP2 conformers were first screened using a grid in the

a and b dihedral angles while keeping all other coordinates

frozen. Since varying these angles de facto implies a var-

iation of the CO bond length, the identified stable points

(maxima and minima) were then relaxed and the transition

state geometries confirmed by IRC. All the maxima and

minima are checked by frequency calculation. The two

pathways important for the thermal isomerization and for

comparison with the charged species are reported in Fig. 3

for each enantiomer of the SP1 and SP2 conformers. For a

given conformer, the reaction pathways of the two enan-

tiomers are identical within numerical accuracy.

The reaction pathway for the SP1 conformer (Fig. 3a, b)

involves as a first intermediate the metastable CCC MC

conformer, which can easily revert to the SP form. The

computed barrier at room temperature from S-SP1 to CCCa

is 73.0 kJ/mol (Fig. 3a), while the reverse barrier is only

4.6 kJ/mol. The computed transition state theory (TST)

forward rate constant is 9.7 9 10-1 s-1, while the back-

ward rate is 9.7 9 1011 s-1. For this reason, the CCC

conformer has not been unambiguously identified experi-

mentally [38]. Its geometry is distorted and not fully pla-

nar, unlike that of the more stable MC conformers. To

reach the more stable CTCa and TTCa MC open con-

formers, one needs to cross two other high barriers

(49.9 kJ/mol and 62.4, respectively). For these two final

steps, the forward reaction is faster than the backward one.

The TST forward and backward rates between each inter-

mediate are reported in Table S4. Since the neutral TTC

and CTC forms are higher in energy than the SP1 closed

conformer, at room temperature, it is the colorless SP1

form that is by far preponderant. We also report in Fig. 3a

and b a second reaction pathway, which goes directly via a

single TS from the S-SP1 to the TTCa form with a barrier

121.4 kJ/mol. This pathway will be shown to be of interest

for comparison with the pathways of the charged species.

As alluded to above, for the SP2 conformer (see Fig. 2c, d),

the reaction path is different because of the steric hindrance

of the (thiol derivative) linker: at the equilibrium geometry,

Theor Chem Acc (2012) 131:1255 Page 5 of 13
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the linker is positioned in the ring opening direction. For

this reason, the CCC conformer is not stable for the SP2

form. SP2 is isomerizing directly to CTC via a very high

barrier of 123.8 kJ/mol (Fig. 3c). CTC is not chiral any-

more and can isomerize to TTC as in Fig. 3a and b. On the

other hand, the direct one step isomerization from SP2 to

TTC has a barrier of 115.0 kJ/mol at CAM-B3LYP/6-

311?G(d,p) level (see Table 1). This energy barrier is

slightly lower than that of the isomerization of the SP1

conformer discussed above.

4 Field effects on the neutral reaction pathway

We first report on the effect of a static external field on the

electrocyclic reaction leading to ring opening. The effect of

the static field is to distort the electronic density and to

change the distribution of partial charges. Our motivation is

to investigate whether reasonable field strength of about

1 V/nm, as typically applied in break junctions, could

distort the electron density strongly enough to induce the

ring opening of the SP form. Significant field effects have

been recently reported by Shaik et al. [53] on another

electrocyclic reaction, the one step Diels-Adler reactions

between butadiene and ethylene and between maleic

anhydride and cyclopentadiene. The situation is more

complex in the case of the isomerization of the SP because

the most favorable reaction path is multistep and involves

several intermediates. Our conclusion is that while the

electronic density is significantly distorted, as shown in

Fig. 4 below, reasonable field strength cannot lead to a ring

opening.

We started by systematically analyzing the changes in

the distribution of the electron density between the two

moieties for increasing field strengths of different orienta-

tions with respect to the molecular frame shown in Fig. 1

for the neutral S-SP1 conformer (see Fig. 2a) at its field-

free equilibrium geometry. As pointed out in Ref. [53], in

Gaussian09, the direction of the applied external field

corresponds to the displacement of negative charges. Since

the reaction coordinate for the opening of the C4–O9 bond

has components in the y and z directions, we concentrated

on these two directions. The field effects along the x

direction mainly affect the linker part. The effects on the

relative energies of the TS and the metastable intermediates

for field strengths of 1.3 V/nm applied the x, y, and z

directions (see Fig. 1) are reported in Table S5. We show

in Fig. 4 the difference, qF¼0 � qFz
; between the field-free

and field-distorted isocontours of the one-electron density

of SP for a field strength of 1.3 V/nm applied in the

Reaction Coordinates

a

Reaction Coordinates 

ΔG
 (

kJ
/m

ol
) 

ΔG
 (

kJ
/m

ol
) 

ΔG
 (

kJ
/m

ol
) 

ΔG
 (

kJ
/m

ol
) 

b

Reaction Coordinates 

c

Reaction Coordinates 

d

Fig. 3 The two investigated

thermal reaction pathways of

the isomerization reaction of

S-SP1 (a), R-SP1 (b), S-SP2 (c),

R-SP2 (d) to MC. The free

energies are calculated at the

CAM-B3LYP/6-311?G(d,p)

level in the gas phase at room

temperature and reported with

respect to the S-SP1 conformer

in all four panels. Energy

differences in parenthesis are

computed with respect to

corresponding stable SP

conformer for each panel. The

multistep reaction path is shown

in solid line and the direct one

in dotted ones. See also Table 1
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?z (Fig. 4a) and -z (Fig. 4b) directions (see Fig. 1). The

figures show specifically the C4–O9 bond and the insets the

entire molecule. As a general rule, an orientation of

the external field that favors a decrease of electron density

on the pyran moiety, in particular on the C4–O9 bond,

favors ring opening. This corresponds to the -z direction

and -y directions for which the electron density increases

on the nitrobenzene part moiety and decreases on the ind-

oline part and on the C4–O9 bond of the pyran (see Fig. 4b).

We then optimized the geometries of the intermediates

reported in Fig. 3 and in Table 1 for a field strength of

0.0025 a.u. (corresponding to 1.3 V/nm) applied in the ?z,

-z, ?y, and -y directions. The results are reported in

Table 2. Partial charges were computed for the field-free

and the finite-field equilibrium geometries. The changes in

partial charges while small at this field strength reflect the

changes induced in the localization of the electron density

of the applied external field shown in Fig. 4 and are

reported in Table S6 of the ESM. The changes in partial

charges are larger when computed using the MK [54]

approach than using the NBO [55] one. The MK partial

charges increase significantly on the C4 (positive,

20–40 %) and O9 (negative, a few %) atoms for field

applied in the ?y and ?z direction. They decrease but to a

smaller extent when the field is applied in the -y and

-z directions. The NBO analysis [55] gives smaller partial

charge changes. This analysis also gives a small increase of

electron density on the C4–O9 bond when the field is

applied in the ?y and ?z directions and a decrease for field

applied in the opposite directions. The changes in the

equilibrium geometry C4–O9 bond length induced by the

external field are consistent with the changes in the local-

ization of the electron density and in the computed partial

charges reported above. The C4–O9 bond length increases

by 0.01 Å for a field strength of 0.0025 a.u. applied in the

-y and -z direction which favors the bond opening. For a

stronger field of 0.005 au (2.6 V/nm), the C4–O9 bond

length increased is of about 0.03 Å at the B3LYP/6-

311 ??G(d,p) level.

A field applied in the -y and -z directions lowers the

barrier for the ring opening step, between S-SP1 and

S-CCCa, from 73.0 kJ/mol (field free) to 61.9 kJ/mol for a

field applied in the -y and 60.2 kJ/mol for a field applied

in the -z direction (Table 2). A similar trend in the low-

ering of the barrier is induced by the effect of a nitro group

in para to C4–O9 bond in spiropyran. The nitro group,

being an electron attractor, also depletes the electron den-

sity on the C4–O9 bond [31]. When the static field is

applied in the ?y direction, the trans-MC CTCa and TTCa

conformers are less stable than SP by 42.5 and 20.8 kJ/mol,

respectively, while when the field applied in the -z direc-

tion, the CTCa and TTCa conformers are less stable than

S-SP1 by 27.2 and 16.4 kJ/mol but more stable than in the

field-free case (see Table 2). On the other hand, a field

a b

Fig. 4 Zoom on the C4–O9 bond of an isocontour of the density

difference, qF¼0 � qFz
; where qF¼0 is field free and qFz

is computed

for an external field strength of 1.3 V/nm applied in z direction (panel
a) and -z direction (panel b) at the CAM-B3LYP/6-311?G(d,p)

level for the equilibrium geometry of the field free S-SP1 molecule.

Isocontour value is 0.0001 |e|/Å3. The insets show the overall

molecule oriented as in Fig. 1. A positive difference is shown in blue
and a negative one in yellow. A negative difference (yellow, panel a)

indicates that the finite field electron density is larger than that of the

neutral. A positive difference (blue, panel b) indicates that the

electron density of the neutral is larger than that of the field distorted

one so that the field has decreased the density on the C4–O9 bond.

Accordingly, the z component of the dipole moment computed for a

field applied in the ?z direction is 0.3 D which is smaller than that of

the neutral (2.8 D), while the dipole moment computed for a field

applied in the -z direction is ?5.3 D, which is larger than that of the

neutral. See Fig. S2 for the difference between the field free and the

field distorted isocontours of the one-electron density of the TTCa

open form

Theor Chem Acc (2012) 131:1255 Page 7 of 13

123



applied in the -z direction does not favor the isomerization

from CCC to CTC. Overall, it is therefore not possible to

find a single field orientation that leads to a significantly

faster isomerization rate from SP to TTC. If, however, one

is interested in controlling one isomerization step along the

reaction pathway, like for example as recently reported for

the TTC and the TTT MC conformers, [52] field effects

can be significant. Since SP and MC have rather large

dipole moments, the computed values at the CAM-B3LYP/

6-311?G(d,p) are 9.8 D for TTC compared to 6.4 D for SP,

the molecules could be oriented and the switching between

two forms controlled by applying a static electric field.

5 O and N protonation effects

Compared to applying a static external field, fully charging

the molecule, either by removing or adding an electron or

by adding a proton, significantly modifies the relative sta-

bility of the close and open conformers and the reaction

pathways.

A recent experimental study on protonation effect [56]

as well as previous studies [33, 34] shows that protonation

on the pyran oxygen considerably stabilizes the open form,

see Fig. 5. These studies report that the colorless SP opens

to cis-MC by protonation of the pyran oxygen at room

temperature. Isomerization to the most stable MC TTC

conformers can be induced by UV light. The reverse

reaction can be triggered by moving to a basic solution or

by VIS light. Protonation on the N atom of the indole cycle

was also observed as a side product [33].

Our computations fully confirm this effect. Protonation

on the O of the pyran significantly decreases the electron

density on the C4–O9 bond, which leads to the opening of

the bond. Upon O protonation, both enantiomers of the SP1

and SP2 forms are found unstable. They relax to the open

cis-TCCOH? conformer (as shown in Fig. 6, see also

Table S7) that was not identified in the neutral reaction

pathway. On the other hand, protonating the SP form on the

N atom accumulates electron density on the C4–O9 and the

indoline part, which stabilizes significantly the SP forms,

see Fig. 6 and Table S8. The effects of O and N proton-

ation are similar to those reported above for externally

applied electric fields. The difference is that the local field

created by protonation is stronger than those induced by a

reasonable field strength. Protonation on the O of the pyran

is strong enough to lead to the opening of the C4–O9 bond,

while reasonable field strengths (\ than 2.6 V/nm) remove

electron density from that bond (Fig. 4b) and accumulate

electron density on the nitrobenzene part but do not trigger

bond opening. N protonation accumulates electron density

of the C4–O9 bond and leads to a larger stabilization of the

SP form than external fields applied in the ?z and

?y directions. The analog of Fig. 4 computed for proton-

ation effects on the one electron density difference is

reported in the ESM, Fig. S3.

The computed reaction pathways for the O-protonated

SP are reported in Fig. 7 (see also Table S7) for the two

enantiomers of the SP1 and SP2 conformers. Upon

geometry optimization, SPOH? is not stable and relaxes to

the stable TCCOH?. The CCCOH? conformer is found

slightly more stable than the TCCOH? conformers (by

3–7 kJ mol-1) except for R-SP2 where it is TCCOH?

which is more stable by 18.7 kJ mol-1. The cis-MCOH?

conformers then isomerize to trans-MCOH?.

As in the case of the neutral (see Fig. 3), the protonated

S-SP1 and R-SP2 go to protonated MCa conformers, while

R-SP1 and S-SP2 lead to MCb conformers. The CCCOH?

and TCCOH? conformers do not isomerize easily to the

stable trans-O-protonated MC form. The computed barriers

for the isomerization of CCCOH? to CTCOH? are of the

order of 120 kJ mol-1. The second isomerization between

CTCOH? and TTCOH? is easier, with computed barriers

of the order 20 kJ mol-1.

For the N-protonated SP, there are two possible ways for

the proton to bind to the N atom (see Fig. S4). This in total

Table 2 Relative free energies (kJ mol-1) for the two reaction pathways of the neutral molecule (see Fig. 3) computed at CAM-B3LYP/6-

311?G(d,p) level for an external electric field of 1.3 V/nm applied in the y and z directions (see Fig. 1)

Conformer Field free y -y z -z

S-SP1 0.0 13.0 -16.1 5.9 -10.7

CCCa 68.4 83.7 39.7 79.1 45.6

CTCa 48.3 55.5 44.7 68.7 16.5

TTCa 35.8 33.8 30.5 52.8 5.7

TS1 73.0 88.7 45.8 84.8 49.5

TS2 118.3 124.6 109.6 120.6 105.7

TS3 113.3 118.1 97.5 150.4 64.4

TS4 121.4 126.6 110.5 121.7 111.1

The relative energies of the conformers and TS at finite field are reported with respect to field free S-SP1 conformer. All computed frequencies of

the stable conformers are real, and the TS have a single imaginary frequency only
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leads to eight possible conformers of the N-protonated

form. When the N–H bond is in a trans configuration with

respect to the C4–O9 bond of the benzopyran, the con-

former is named as SPNH?, while it is called SPNH’? when

the N–H bond is cis with respect to the C4–O9 bond. The

enantiomers of SP1NH? are more stable than the SP1NH’?

ones by about 13.3 kJ/mol. On the other hand, the R and S

enantiomers of SP2NH? and SP2NH’? are found to be

isoenergetic. In the case of N protonation, the close con-

formers are considerably more stable than the open ones (by

about 100 kJ/mol). No stable CCCNH? conformer could be

identified in the reaction pathways. Upon ring opening, the

SP1 enantiomers go to CTCNH? conformer with very high

barriers of 190 kJ/mol (see Table S8).

To summarize, for all conformers of SP, the protonation

of the O of the pyran leads to a localization of positive

charge on the benzopyran part, which favors the opening of

the C–O bond and the conversion to a distorted TCCOH?

conformer without any barrier. On the contrary, the

N-protonated form is very stable for all SP conformers and

compared to the neutral case significantly more stable than

the open MC conformers.

6 Electron attachment and ionization effects

Experimental studies of the electrochemical oxidation and

reduction of nitro SP compounds in different environments

show that oxidation takes place on the indole part of the SP

and reduction at the NO2 group of the benzopyran part of

the SP [57–60]. Without a NO2 group, SP does not exhibit

electroactivity [61]. We report in this section on the

isomerization reaction pathways for the anion and the

cation of S-SP1 conformer. The isomerization pathways

are summarized in Fig. 8 and compared with field and

protonation effects.

The vertical attachment of an electron to the neutral

S-SP1 form leads to a localization of the extra electron

density on the benzopyran part mainly on the NO2 group.

This density corresponds to that of the LUMO of the

neutral, see Fig. 9a. Since the ring opening and the

breaking of the C4–O9 bond is favored by a decrease of

electron density on the benzopyran part, the computed

barrier for ring opening remains high, similar to neutral

one, and is equal to 85.9 kJ/mol (see Fig. 8a, f). The dif-

ference is that the CCCa- anion is more stable than the

S-SP1- anion by 8.6 kJ/mol, so that the back reaction is

not spontaneous, unlike what is found for the neutral.

Being stable, it is also likely that the CCCa- conformer

could be easily identified spectroscopically. The CTCa-

and TTCa- anions are also more stable than S-SP1- by

43.9 and 59.0 kJ/mol, respectively, (see Fig. 8f and Table

S9) and the forward isomerization barrier of the CCCa-

conformer to the more stable open CTCa-conformer is

computed to be 16.6 kJ/mol, which leads to a very fast

isomerization rate of 7.9 9 109 s-1. The computed TST

Fig. 5 S-SP1(left) and

protonated open stable

TCCOHa? (right) calculated at

CAM-B3LYP/6-311?G(d,p).

Note that the SP-O-protonated

form is not stable

H+

H+

2

1

[SP1NH]+ 

-212.9

[S-TCCOH]+ 

-247.3 -245.0

2

a

1 H+

H+2 

1

2

1

b 

[R-TCCOH]+

[SP2NH']+ 

-209.4

Fig. 6 a Protonation on O and on N of S-SP1 conformer, b proton-

ation on O and on N of R-SP2 conformer, as for the neutral case, both

enantiomers of a given conformer react in the same way (see Fig. 7).

The protonation free energies (kJ mol-1) for the reaction SP ?

H3O? - [ SPH? ? H2O are computed at the CAM-B3LYP/6-

311 ? G(d,p) level at room temperature. Note that while protonation

on the O leads to the open cis-TCCOH? conformer (see Table S7),

protonation on the N atom leads to a stable close SP conformer (see

Table S8)
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rates are reported in Table S10. In the case of the anion, we

also identified a different reaction path involving the

TCCa- conformer. This reaction pathway involves fewer

intermediates and does not exist for the neutral. The

CCCa- conformer can isomerize to the TCCa- interme-

diate by crossing a barrier of 42.1 kJ/mol. One can then

reach TTCa- in an essentially barrierless manner (the

computed barrier is 4.7 kJ/mol). Since the anion forms of

MCs are stabilized compared to the SP anion, the backward

reaction is not spontaneous but can be induced by VIS

light. However, unlike in the case of protonation on the O

of the pyran (see Fig. 8b), the ring opening to CCCa- is not

spontaneous, the computed rate constant is 5.4 9 10-3 s-1

(see Table S10), the thermal reaction is slow but occurs

spontaneously. The next reaction steps involving isomeri-

zation between the MC forms are much faster.

Upon vertical ionization, a hole is made in the indoline

part, which leads to a decrease of the electron density and

partial charge on the N atom. The hole density corresponds

to the density of the HOMO of the neutral, see Fig. 9b.

Upon geometry relaxation, the geometry of the S-SP1

cation is distorted with respect to that of the neutral (in

particular the a dihedral angle) but remains more stable

than that of the open CCCa? MC conformer by 28.8 kJ/

mol (see Fig. 8e and Table S11). The energy difference is

smaller than in the case of the neutral (see Fig. 8a) and the

barrier height for the isomerization to CCCa? is computed

equal to 73.6 kJ/mol. S-SP1? remains more stable than

TTCa? by 8.3 kJ/mol while for the neutral S-SP1 is more

stable than TTCa by 35.8 kJ/mol. The energy barrier for

the isomerization of CCCa to TTCa is 60.4 kJ/mol, the TS

of this isomerization step being similar to the TS4 of the

neutral. Unlike for the reaction paths of the neutral (Figs. 3,

8a) and of the anion (Fig. 8f), the reaction path of the

cation involves only two intermediates. The computed rates

of isomerization can be found in the Table S12. Contrary to

electron attachment, the isomerization of the SP cation is

not spontaneous at room temperature. The isomerization

pathway is similar to that of the neutral.

7 Concluding remarks

Protonation, charge, and field effects affect the thermal

reaction path of the isomerization of spiropyran. Since

these effects are likely to occur when the isomerization

takes place in solution or in a break junction, it is of interest

to characterize them in order to design reliable sensing,
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ΔG
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kJ
/m

ol
)

ΔG
 (

kJ
/m

ol
)

a

Reaction Coordinates 

b

Reaction Coordinates

c

Reaction Coordinates 

d

ΔG
 (

kJ
/m

ol
)

ΔG
 (

kJ
/m

ol
)

Fig. 7 a Free energy profile for

the protonated SP: a S-SP1,

b R-SP1, c S-SP2, d R-SP2

computed with respect to the

stable N-protonated S-SP1

conformer. Energies in

parenthesis are computed with

respect to the stable

corresponding CCCOH?. The

free energies are calculated at

CAM-B3LYP/6-311?G(d,p)

level in the gas phase at room

temperature. See also Table S7
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logic, or storage devices. Our computational results are

summarized in Fig. 8 above. They show that charge effects

stabilize the open MC conformers with respect to the close

SP form and reverse the order of stability in the case of

electron attachment (Fig. 8f) and protonation on the O of

the pyran (Fig. 8b), so that the ring opening becomes

spontaneous at room temperature. While a marked increase

of the rate for ring opening was experimentally reported for

the oxygen-protonated form, [33] the cation and the anion

reaction pathways have not yet been experimentally

investigated. The largest effect on the reaction pathway

occurs in the case of protonation on the O of the pyran

moiety for which we could not identify a stable SP form.

Upon relaxation, the stable conformer is an open cis-

MCOH? conformer. The latter then isomerizes to the trans-

MC form. For the anion (Fig. 8f), the CCC form is more

stable than the SP one, as well as all the trans-MC con-

formers. In the case of the cation (Fig. 8e), the CCC and

TTC conformers remain less stable than SP. While the ring

opening is barrierless for protonation on the O of the pyran
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Fig. 8 The thermal reaction

pathways of the isomerization

reaction of S-SP1 to MCa under

different conditions: a neutral,

b proton attachment c field

(1.3 V/nm) applied in the

z direction, d field (1.3 V/nm)

applied in the -z direction

e removing an electron f adding

an electron. The free energies

are calculated at the CAM-

B3LYP/6-311?G(d,p) level in

the gas phase at room

temperature and reported with

respect to neutral S-SP1. Energy

differences in parenthesis are

computed with respect to

corresponding SP conformer for

a, c–f, in b computed with

respect to S-CCCOHa?

conformer
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moiety, for the anion and the cation, the computed rates are

of the same order of magnitude as those computed for the

neutral. The N-protonated SP form is found very stable.

As a general rule, the electrocyclic reaction leading to

ring opening is favored when the electron density of the

pyran part is reduced. The decrease of the electron density

on the C4–O9 bond leads to the stable TCC form in the

case of protonation on O9 (Fig. 8b) and to a decrease of the

barrier height to reach CCC upon application of an external

electric field that withdraw electron density from that bond

(Fig. 8d).
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