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Activating [4+4] photoreactivity in the solid-state via 
complexation: from 9-(methylaminomethyl)anthracene to its 
silver(I) complexes.  

Floriana Spinelli,
a
 Simone d’ Agostino

a
,  Paola Taddei*

b
, Christopher D. Jones

c
, Jonathan W. Steed

c
 

and Fabrizia Grepioni*
a
 

The [4+4] photoreactivity of the anthracene derivative 9-(methylaminomethyl)anthracene (MAMA) has been investigated 

in solution, gel medium and in the solid state. While quantitative formation of the cyloaddition photoproduct was 

achieved upon irradiation at  = 365 nm of ethanol solutions of MAMA, only partial and slow conversion was detected in 

gels of low molecular weight gelators, and solid-state reactivity was not observed due to the unfavourable relative 

orientation of the anthracene moieties in the crystal. In hexafluorophosphate, tetrafluoroborate and nitrate silver(I) 

complexes, however, 9-(methylaminomethyl)anthracene exhibits a more favourable mutual orientation for the aromatic 

fragments, and [4+4] photoreactivity resulted. All compounds were structurally characterized via single crystal and/or X-

ray powder diffraction and by Raman spectroscopy; this last technique proved effective in detection of the photoproduct 

in all solid state complexes. 

Introduction 

In the last few decades crystal engineering, i.e. the design and 

synthesis of crystalline materials with predefined properties, 

has attracted the attention of many researchers working in the 

field of solid-state photoreactivity,
1,2

 as it represents a 

powerful tool for the modification of crystal properties.
3
 The 

correlation between the crystal packing of organic molecules 

and their photoreactivity (or potential light-stability) was 

investigated by Schmidt more than 50 years ago. Schmidt 

studied the [2+2] photoreactivity of cinnamic acid in the solid 

state, and concluded that “photoreactivity of the cinnamic acid 

is crystal-structure dependent”.
4 

Schmidt proposed his well-

known topochemical postulate, which states that 

photodimerization is expected to take place if the distance 

between the double bonds involved in the reaction is in the 

range 3.6-4.1 Å.
5
 In order to show photoreactivity in the solid 

state, therefore, a crystal should be engineered in such a way as to 

possess appropriate intermolecular alignment and distances.
4
 In 

order to correctly lock molecules in place within a crystal, to 

promote photoreactivity and activate photostable molecules, 

for [2+2] photodimerization processes salt formation,
6
 the use 

of molecular templates,
7
 and coordination to metal ions

8
 have 

all been explored. Photoreactivity of the [4+4] type has also 

been studied extensively in the case of anthracene and 

anthracene derivatives.
9
 According to the literature, [4+4] 

photoreactions usually take place when an optimum 

superimposition of the π-systems is present, i.e. when certain 

geometrical criteria
10

 - in addition to those in Schimidt's 

postulate - are fulfilled. However, a large number of 

exceptions, both positive and negative, have been reported.
11

 

When studying the photoreactivity of anthracene derivatives, 

the steric effects and the electronic properties of the 

substituents on the central ring have to be taken into account, 

since the reaction usually involves the double bonds within 

this ring. Similarities and differences between [2+2] and [4+4] 

photodimerizations have been the subject of previous 

work.
10,12 

 

In this work we have investigated the [4+4] photoreactivity of 

the anthracene derivative 9-(methylaminomethyl)anthracene 

(MAMA), both in solution and in a supramolecular gel medium 

(Scheme 1). 

 

Scheme 1 (a) Molecular structure of MAMA; (b) typical photochemical dimerization of 

9-subsituted anthracenes. 
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The [4+4] reactivity was also investigated in the solid state on 

the pure compound, however the material proved 

photostable. Therefore we have exploited the coordination 

ability of the MAMA amino group to silver(I) ions, and we have 

synthesized the silver(I) complexes [Ag(MAMA)2][PF6], 

[Ag(MAMA)2][BF4] and the coordination polymer 

[Ag(MAMA)2][Ag(NO3)2], in which the relative arrangement of 

the anthracene derivatives allows the [4+4] photoreaction to 

occur in the solid state. All solids have been fully characterized 

via X-ray diffraction and Raman spectroscopy, and the 

photoreactivity of all coordination compounds investigated 

and compared with the behaviour of the pure ligand. 

Experimental 

All reagents were purchased from Sigma-Aldrich and used 

without further purification. Reagent grade solvents and 

bidistilled water were used. The gelator G1 (see ESI) was 

prepared by reaction of n-butylamine with 1,3-bis(1-

isocyanato-1-methylethyl)benzene. Full characterisation of this 

compound and its gels are reported elsewhere.
13 

 

Synthesis and crystal growth of trans-bis-9-methylaminomethyl-

9,10-dihydro-9,10-anthracenediyl (DMAMA). 

A saturated solution of  MAMA obtained by dissolving 100 mg 

of MAMA in 8 mL of ethanol, and filtering the undissolved solid 

with a 2 μm pore size filter, was irradiated (λ = 365 nm) in a 

quartz cuvette for 24 h. After this time yellow crystals 

appeared (see Fig. S1), which were recovered by filtration, 

yielding ca. 40 mg of a compound that was identified as trans-

bis-9-methylaminomethyl-9,10-dihydro-9,10-anthracenediyl 

(DMAMA) (see Fig. 1).  

 

Synthesis and crystal growth of the complexes [Ag(MAMA)2][PF6], 

[Ag(MAMA)2][BF4] and [Ag(MAMA)2][Ag(NO3)2]. 

An amount (104.2 mg; 0.47 mmol) of ligand MAMA was 

dissolved in 10 mL of ethanol, then an equivalent amount of an 

AgX salt (X
-
 =  PF6

-
, BF4

-
 or NO3

-
) dissolved in EtOH (4 mL) was 

added. After a few minutes a yellow precipitate was obtained 

in all cases; the suspensions were kept under stirring for 24 h, 

and polycrystalline powders were collected by vacuum 

filtration and washed with cold EtOH (5 × 2 mL). Single crystals 

suitable for X-ray diffraction analysis were grown by triple 

layer liquid diffusion: a solution of MAMA in ethanol was 

placed at the bottom of an NMR test tube, and on this a 

second layer of pure ethanol was deposited, followed by an 

ethanol solution of the silver salt. The identity between the 

precipitated materials and single crystals was verified by 

comparing experimental and simulated powder diffraction 

patterns (see Fig. S2).   

 

Single crystal X-ray diffraction.  

Single crystal data for all complexes were collected at RT on an 

Oxford X’Calibur S CCD diffractometer equipped with a 

graphite monochromator (Mo-Kα radiation, λ = 0.71073Å), 

while single crystals of trans-Bis-9-methylamminomethyl-9,10-

dihydro-9,10-anthracenediyl (DMAMA) were collected on a 

Bruker D8Venture diffractometer (PHOTON-100 

CMOS_detector, IµS-microsource, focusing mirrors, Mo-Kα, λ = 

0.71073Å) and processed using Bruker APEX-II software. Data 

collection and refinement details are listed in Table S1. All non-

hydrogen atoms were refined anisotropically. CH hydrogen 

atoms for all complexes were added in calculated positions 

and refined riding on their respective carbon atoms; NH 

hydrogen atoms were either directly located or, when not 

possible, added in calculated positions. The SHELX97
14a

 

programs were used for structure solution and refinement on 

F
2
. The program Mercury

14b
 was used to calculate 

intermolecular interactions. CYLview
14c

 and Mercury
14b

  were 

used for molecular graphics. Crystal data can be obtained free 

of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or 

from the Cambridge Crystallographic Data Centre, 12 Union 

Road, Cambridge CB21EZ, UK; fax: (+44)1223-336-033; or e-

mail: deposit@ccdc.cam.ac.uk). CCDC numbers 1813325-

1813330 (see crystallographic details in Table S1). 

 

Structure determination and refinement of MAMA from X-ray  

powder data. 

Recrystallization of MAMA from melt afforded a polycrystalline 

powder, which allowed the structure solution from powder X-

ray diffraction data (see Fig. S3). For structure solution and 

refinement purposes, X-ray powder diffractograms in the 2θ 

range 3–70° (step size, 0.013°; time/step, 172s; 0.02 rad soller; 

V x A 40 × 40) were collected on a Panalytical X’Pert PRO 

automated diffractometer operated in transmission mode 

(capillary spinner) and equipped with a Pixel detector; three 

patterns were recorded and summed to enhance the signal to 

noise ratio. Powder diffraction data were analysed with the 

software EXPO2014,
15a

 which is designed to analyse both 

monochromatic and non-monochromatic data. Peaks were 

automatically chosen in the 2θ range 5–50°, and a triclinic cell 

with a volume of 1242.2 Å
3 

(Table S1) was found using the 

algorithm N-TREOR.
15b

 The structure was then solved by 

simulated annealing using a molecular model built with the 

Avogadro software,
16

 and refined as rigid body by Rietveld 

method with the software TOPAS 4.1.
17

 A shifted Chebyshev 

function with 6 parameters and a Pseudo–Voigt function (TCHZ 

type) were used to fit background and peak shape, 

respectively. A spherical harmonics model was used to 

describe the preferred orientation. A rigid body was applied on 

the two fragments. An overall thermal parameter for the C, N, 

O atoms was adopted. The HNH atom is disordered over two 

equivalent positions. Refinement converged with GOF = 3.7, 

Rwp = 8.1%, Rexp = 2.2%.  

 

X-ray powder diffraction. 

For phase identification purposes X-ray powder diffractograms 

in the 2θ range 5-80° (step size, 0.02°; time/step, 20 s; 0.04 rad 

soller; 40mA x 40kV) were collected on a Panalytical X’Pert 

PRO automated diffractometer equipped with an X'Celerator 

detector and in Bragg-Brentano geometry, using Cu Kα 

mailto:deposit@ccdc.cam.ac.uk
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radiation without a monochromator. The program Mercury
14b

 

was used for simulation of X-ray powder patterns on the basis 

of single crystal data. Chemical and structural identity between 

bulk materials and single crystals was always verified by 

comparing experimental and simulated powder diffraction 

patterns (see Fig. S2). 

 

Solid State Photoreactions. 

In all cases irradiation was performed using a UV-LED (Led 

Engin LZ1-10UV00-0000), at λ = 365 nm. A saturated ethanolic 

solution of 9-(methylaminomethyl)anthracene (MAMA) was 

placed in a quartz cuvette and irradiated using two UV-LEDs 

placed at a distance of 2 cm from the cuvette. Single crystal 

samples were irradiated placing the UV-LED at a distance of 1 

cm. Powder samples were placed onto a flat sample holder 

and irradiated keeping the LED at a distance of 2 cm. For 

complexes [Ag(MAMA)2][BF4] and [Ag(MAMA)2][Ag(NO3)2] the 

XRPD patterns run before and after irradiation are reported in 

Fig. S4. 

 

Raman spectroscopy 

Raman spectra were recorded on a Bruker MultiRam FT-

Raman spectrometer equipped with a cooled Ge-diode 

detector. The excitation source was an Nd3+-YAG laser (1064 

nm) in the backscattering (180°) configuration. The focused 

laser beam diameter was about 100 m and the spectral 

resolution 4 cm
-1

. Laser power at the sample was about 30 mW 

for unirradiated samples and irradiated MAMA and 1 mW for 

the irradiated complexes due to the high fluorescence 

background. The spectra of the latter samples were baseline 

corrected. Under these conditions no photodegradation of the 

samples was detected. 

 

Gel phase crystallization 

A total of 10 mg of bis(urea) gelator G1 and 8 mg of 

anthracene or MAMA were suspended in 1mL of toluene. 

Upon heating with a heat gun a clear solution was obtained, 

and a gel formed on cooling within a few minutes. The gel was 

irradiated at 365nm overnight resulting in large crystals of the 

anthracene photoproduct within the gel (Fig S5b). In order to 

recover the crystals of the photoproduct, the gel was 

decomposed with a 2% ethanol solution of 

tetrabutylammonium acetate, allowing recovery of the crystals 

by filtration (Fig. S5a). No solid product was obtained in the 

case of MAMA. 

Results and discussion 

[4+4] photoreactivity of MAMA  

 

The photoreactivity of 9-(methylaminomethyl)anthracene 

(MAMA) was first investigated in solution. A solution of MAMA 

in ethanol was irradiated with UV light at λ = 365nm: after 15 h 

an insoluble product, in the form of crystalline powder, was 

recovered.  

The formation of the dimer was confirmed by X-ray diffraction. 

Fig. 1a shows the molecular structure of the dimer DMAMA 

formed by MAMA photodimerization; Fig. 1b shows how the 

amino groups on adjacent molecules are linked in the crystal 

via long hydrogen bonds of the N(H)···N type [N···N distance 

3.056(2) Å]. 

  

(a)         (b) 

Fig.1 (a) Crystal structure of the photoproduct of the reaction conducted in solution 

(DMAMA) and b) relevant hydrogen bonding interactions involving the amino groups. 

HCH omitted for clarity. 

The photobehaviour of MAMA was also investigated in the 

solid state. A polycrystalline sample of MAMA was irradiated 

at  = 365 nm, and powder patterns measured before and 

after UV exposure: the absence of changes in the diffraction 

pattern (see Fig. 2) indicates that the compound is 

photostable.  

 Fig. 2 X-ray powder diffraction patterns  recorded before and after UV irradiation at    

λ = 365 nm on a polycrystalline sample of pure MAMA.  

 

The photostability may be rationalized by the crystal structure 

of MAMA. As no coordinates were available in the Cambridge 

Structural Database, growth of good quality single crystals was 

attempted (i) by solution crystallization (from ethanol, 

methanol, dichloromethane, chloroform, toluene), ii) via 

different crystallization techniques, e.g. solvent evaporation, 

liquid diffusion or vapour diffusion, iii) from gels of low-

molecular-weight gelators (LMWG)
18

, iv) from the melt. While 

all attempts to obtain single crystals suitable for X-ray 

diffraction were unsuccessful, recrystallization from the melt 

afforded a good quality polycrystalline powder; structure 

solution for MAMA was thus possible from powder X-ray 

diffraction data (see Table S1 and Fig. S3). Fig. 3 shows the 

structure of crystalline MAMA. In comparison to the structure 

of the photodimer (Fig. 1), the same pairing of molecules is 

evident, but the N(H)···N separation is much larger [N···N = 
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3.321(1) Å] and the relative arrangement of the aromatic rings, 

with displaced double bonds in a herring-bone pattern, does 

not favour the photodimerization reaction (see Table 1). As a 

consequence, crystalline MAMA is photostable. 

 

Fig. 3 Molecular pairs arrangement  in  crystalline MAMA and herring-bone pattern 

(compare with DMAMA in Fig. 1). HCH omitted for clarity.  

Attempts were also made to use low molecular weight 

organogels as media for photocrystallization of MAMA, and 

anthracene as a control. The anthracene and MAMA were 

dissolved in hot toluene in the presence of 1 wt% of the 

bis(urea) gelator G1 (see Fig. 4 and ESI).
13

 Transparent gels 

formed within a few minutes upon cooling and the samples 

were irradiated overnight at 365nm alongside a solution 

control. The anthracene gel sample yielded large crystals of 

the dianthracene photoproduct. Consistent with their 

formation in a gel medium the lack of convection currents
19 

resulted in larger, better-formed crystals than the solution 

control (see Figs. 4 and S6).  

 

 

Fig. 4 Top: Comparison of crystals of the dimer of anthracene obtained, after 

irradiation, in solution (left) and in a supramolecular gel medium (right). Bottom: the 

bis(urea) gelator G1. 

 

Subsequent treatment of the gel with a solution of ethanolic 

tetrabutylammonium acetate resulted in gel dissolution, 

allowing recovery of the crystals by filtration (Fig. S5a). 

Interestingly, for MAMA in contrast to the solution experiment 

in which photoreactivity was detected after a few minutes,  no 

photoproduct was formed in the gel in the first seven hours of 

irradiation (see Fig. S6). This result implies that the MAMA 

environment in the gel is solid-like and the MAMA molecules 

are held apart from one another in an orientation that is 

unfavourable for photodimerisation, possibly by absorption 

onto the gel fibres. Monitoring the reaction using 
1
H NMR 

spectroscopy shows evidence for very slow, partial conversion 

to the photodimer (see supplementary information). 

 

Turning MAMA into a ligand: coordination to silver(I) 

The photostability of MAMA in the solid state depends on the 

relative arrangement of the anthracene moieties. This can in 

principle be modified and a favourable geometry obtained by 

coordination to metal ions. Examples can be found in the 

literature in the case of [2+2] photocycloadditons,
20

 but, to the 

authors’ knowledge, this approach has never been tried with 

anthracene derivatives. We reacted MAMA with silver(I) salts 

and obtained solids in which, due to coordination to the metal 

ions, the potentially reactive groups could be locked in place in 

a favourable geometric arrangement. Direct reaction in 

solution between MAMA and the silver(I)  salts resulted in the 

formation of the complexes [Ag(MAMA)2][PF6], 

[Ag(MAMA)2][BF4] and [Ag(MAMA)2][Ag(NO3)2], irrespective of 

the stoichiometric ratio used for the reagents. The possibility 

of obtaining the same complexes via mechanochemistry
21

 

(manual grinding/kneading or ball-milling) was also explored, 

but no complex formation was detected in all cases. 

The complexes [Ag(MAMA)2][PF6] and [Ag(MAMA)2][BF4] (see 

Fig.s 5a and 5b, respectively) are isomorphous, and both 

crystallize in the monoclinic space group C2/c (Table S1), while 

the molecular salt [Ag(MAMA)2][Ag(NO3)2], which also 

crystallizes in C2/c, is characterized by a different packing 

arrangement.  

 

Fig. 5 The formula unit in  crystalline [Ag(MAMA)2][PF6] (a) and [Ag(MAMA)2][BF4] (b), 

showing the coordination of the MAMA ligands around the silver(I) cation (in light blue) 

and the inorganic counterion. Silver ions enlarged, HCH omitted for clarity.  

In both the hexafluorophosphate and tetrafluoroborate salts 

the [Ag(MAMA)2]
+
 ion can be described as a 0D complex, 

consisting of two MAMA molecules coordinated to silver(I) in a 

linear fashion [N–Ag
+
 2.165(1) and 2.177(1) Å for 

[Ag(MAMA)2][PF6] and [Ag(MAMA)2][BF4], respectively, with 

the silver cation on a crystallographic centre of inversion]. In 

crystalline [Ag(MAMA)2][Ag(NO3)2], while the cation remains 

the same [N–Ag
+
 = 2.178(1) Å], the counterion is a silver(I) 

dinitrate complex, formed by the coordination of two nitrate 

anions to silver(I) via two oxygen atoms per NO3
-
 unit [O–Ag

+
= 

2.447(1) Å, see Fig. 6]. The silver ion belonging to the anionic 

complex also participates in Ag
+
∙∙∙π interactions [η

1 
= 2.712(1) 

Å] with the aromatic rings on neighboring cations,
22

 thus 

resulting in the formation of a 1D coordination polymer (see 

Fig. 6) extending along the c-axis direction.  
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Fig. 6 The 1D coordination polymer in crystalline  [Ag(MAMA)2][Ag(NO3)2], showing 

how the two silver complexes (Ag
+

cation in light blue, Ag
+

anion in pink) are linked to each 

other via 1-MAMA···Ag+ interactions. Silver ions enlarged, HCH omitted for clarity.  

 

Scheme 2 lists the common criteria used to estimate, on the 

basis of purely geometrical parameters, the feasibility of a 

[4+4] photoreaction in the solid state. 

 

Scheme 2 Geometrical parameters used to evaluate the potential solid state 

photoreactivity of the MAMA ligand in its silver(I) complexes; only ligands facing each 

other at close distance are considered. From left to right: d = distance between 

centroids; Δy and Δx = transversal and longitudinal offset; α = dihedral angle formed by 

the long molecular axes. 

 

The most interesting feature, common to the three crystalline 

materials, is the presence of pairs of MAMA ligands facing 

each other in a head-to-tail fashion (see Fig. 7).  

 

 

Fig. 7 Projections in the ac-planes of crystalline [Ag(MAMA)2][PF6] (left), 

[Ag(MAMA)2][BF4] (middle) and [Ag(MAMA)2][Ag(NO3)2] (right): the yellow, green and 

blue rectangles evidence the anthracene pairs (bottom) common to all packings. 

Table 1 lists the geometrical parameters, described in Scheme 

2, for pure MAMA and for the three complex salts: distances 

and angular values all indicate that in the case of the 

complexes a [4+4] photodimerization reaction should be a 

feasible process. 

 

Table 1 Relevant geometrical parameters used for the evaluation of potential solid 

state photoreactivity. 

 

UV irradiation experiments on the crystalline complexes were 

first conducted on the same single crystals used for data 

collection and structural determination. Upon UV irradiation, 

however, in all three cases the single crystals “crumbled”. The 

effect of the UV irradiation on a single crystal of 

[Ag(MAMA)2][PF6] can be seen in Fig. 8. It is worth noting that 

the tiny residual, pale yellow single crystals (Fig. 8c) were 

identified as the starting material, therefore the reaction was 

incomplete, probably due to inhomogeneous or inefficient 

permeation of the UV radiation. The transformation of the 

crystal into polycrystalline powder must be due to the large 

internal pressure originated from molecular displacements, as 

an effect of the [4+4] photodimerization process.
23 

  

 

 
(a)                  (b)                        (c) 

Fig. 8 (a) The single crystal of [Ag(MAMA)2][PF6] used for crystal structure 

determination, and optical microscope images taken before (a), during (b) and after (c) 

UV irradiation. Blue circles indicate residual pale yellow crystalline fragments large 

enough to be mounted on the diffractometer and identified as starting material.  

Photoreactivity of polycrystalline samples was also tested for 

all compounds, and XRPD patterns were measured for all 

irradiated samples (see Figs. 9 for [Ag(MAMA)2][PF6] and S4 in 

ESI for the other two complexes). Only minor changes were 

detected for [Ag(MAMA)2][PF6] (see Fig. 9) with respect to the 

pattern of the untreated sample, as expected if the 

photoreaction occurs topotactically, i.e. with symmetry 

retention.
24

 The absence of relevant differences in the powder 

patterns before and after irradiation makes it difficult to 

distinguish between the product of a topotactic reaction and 

an unreacted sample. The colour of the polycrystalline sample 

before and after irradiation is comparable to the colour change 

observed when a single crystal was employed (Fig. 9).
25 

 d (Å) Δx (Å) Δy (Å) α (°) 

MAMA 5.481(9) 2.262(2) 3.406(9) 0 

[Ag(MAMA)2][PF6] 3.701(1) 0.954(1) 1.083(3) 0 

[Ag(MAMA)2][BF4] 3.691(1) 0.211(1) 1.332(4) 0 

[Ag(MAMA)2][Ag(NO3)2] 

 

3.819(9) 1.563(2) 0.801(1) 0 
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Fig. 9 Powder X-ray diffraction patterns and pictures before (black line) and after (blue 

line) UV irradiation at λ = 365 nm of polycrystalline [Ag(MAMA)2][PF6].  

Isolation of the photoproduct 

The orange powder obtained after irradiation of polycrystalline 

[Ag(MAMA)2][PF6] was tested for the presence of the 

cycloaddition reaction product, i.e. trans-Bis-9-

methylamminomethyl-9,10-dihydro-9,10-anthracenediyl 

(DMAMA). DMAMA was indeed isolated, and the 

photoreaction confirmed, by treating the irradiated solid with 

a diluted HBr(aq) solution; this allowed precipitation and 

removal by filtration of AgBr. Crystallization of the solution via 

evaporation yielded a few pale yellow single crystals, which 

were identified, via single crystal X-ray diffraction, as the 

bromide salt of the photoproduct [DMAMAH2]Br2 (see Fig. 10).  
 

 

Fig. 10 Single crystals of [DMAMAH2]Br2 . 

The crystal structure consists of sheets of cations and anions, 

linked within the planes via charge assisted hydrogen bonds 

between [DMAMAH]
2+

 and Br
-
 [N

+
(H)∙∙∙Br

-
 3.239(6) and 

3.330(6) Å] (see Fig.11).  

 

Fig. 11 (a) Molecular structure of crystalline [DMAMAH2]Br2 and (b) the 2D hydrogen 

bonding network formed by [DMAMAH2]
2+

 cations and Br
-
 anions. HCH omitted for 

clarity. 

The photoconversion process in the [PF6]
- 

and the remaining 

complexes was further investigated via Raman spectroscopy in 

the solid state. The photostability of MAMA was also studied 

for sake of comparison.  

 

Raman spectroscopy 

Fig. 12 shows the Raman spectra of MAMA and DMAMA; their 

main vibrational bands and assignments are reported in Table 

S2 (see ESI). Since these Raman spectra have been published 

here for the first time and no assignments have been reported 

in the literature for these compounds, anthracene
26

 and its 9-

substituted derivatives
26d,27 

were used as model samples for 

MAMA, while dianthracene
28

 photodimers of anthracene 

derivatives
29

, 9,10-dihydroanthracene and derivatives
30

 as well 

as ortho-xylene
31

 were used as model compounds for DMAMA. 

Many spectral features are characteristic of the dimer; the 

most prominent are indicated with a circle and their 

wavenumber positions are in agreement with those reported 

by Ebisuzaki et al. for dianthracene
28a

 see Table S2. The main 

marker bands of dimerization were identified at 1597-1591, 

1085, 1042, 989, 898, 816, 685, 571, 365, 326, 153, 137 cm
-1

. 

Interestingly, most of them were also detected and in the IR 

spectrum of dianthracene.
28b

 Going from MAMA to DMAMA, 

some bands disappeared or significantly weakened; the 

strongest were those at 1558 and 1408 cm
-1

, assignable to 

aromatic CC ring stretching modes.
26a

 Actually, the weakening 

of the 1400 cm
-1

 band has been used to follow the 

photodimerization of anthracene derivatives.
32

  

As shown in Table S2, several bands specifically assignable to 

9-substituted and alkyl-substituted anthracenes (i.e. those at 

1625, 1558, 1503-1493, 1408, 1381, 1356, 1101, 972-957, 879, 

733, 693, 476, 421, 394 cm
-1

)
27a,27c-d,28b,31a,33 

or fused benzenoid 

rings (i.e. those  at 1408 and 394 cm
-1

)
26d

 were not detected in 

the Raman spectrum of DMAMA, as expected. In the aromatic 

CH out of plane bending region, the 879 cm
-1

 component, 

assigned to the CH group approximately perpendicular to the 

longer axis of the molecule (i.e. at the 10 position
28b

), was no 

longer observed in the spectrum of DMAMA, since the C-H 

bond at the 10 position is now not aromatic in this molecule; 

on the other hand, the 750 cm
-1

 component, due to the CH 

groups approximately parallel to the longer axis of the 

molecule,
28b

 did not disappear in the spectrum of DMAMA and 

became more prominent due to the contribution of the CH out 

of plane bending of ortho-disubstituted benzenes.
28b

 Upon 

irradiation of MAMA, no dimerization occurred; as shown in 

Fig. S7, the dimerization marker bands described above were 

not detected. Only minor changes were observed upon 

irradiation, ascribable to slight molecular rearrangements. No 

photodegradation of the sample occurred and no production 

of anthraquinone species was observed and their main marker 

band at about 1660 cm
-1

 (C=O stretching
34,27d,30c

) was not 

detected. An analogous result has been reported for 9-N,N-

dimethylaminomethylanthracene.
6c Figs. S8, S9 and S10 show 

the Raman spectra of the [Ag(MAMA)2][BF4], 

[Ag(MAMA)2][PF6] and [Ag(MAMA)2][Ag(NO3)2] complexes, 

respectively; the Raman spectrum of MAMA is reported for 

comparison. Upon coordination, similar changes were 

observed in the spectra of the complexes, while some bands 
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are specifically assignable to the different counterions,
35

 as 

indicated in the figures. With regards to 

[Ag(MAMA)2][Ag(NO3)2] (Fig. S10), the strengthening of the 

band at 1477 cm
-1

 is assignable to the contribution of the N=O 

stretching mode and is a marker of the NO3
-
 bidentate 

coordination,
36

 in agreement with the single crystal XRD data. 

In the spectra of all the complexes, changes in wavenumber 

positions and relative intensities of several bands assignable to 

the aromatic system (see Table S2 for assignments) were 

observed in the CC stretching (1630-1400 cm
-1

 range), CH in 

plane bending (1400-1000 cm
-1

 range), CH out of plane (1000-

700 cm
-1

 range) and ring bending and torsion modes (below 

700 cm
-1

). The wavenumber position of the N-Ag-N symmetric 

stretching vibration appears controversial; Miles et al.
37

 have 

reported this mode at 370 cm
-1

 in [(H3N)2Ag][ClO4] and 

[(H3N)2Ag][NO3]. On the contrary, Hildebrandt and Stockburger 

have observed the Ag-N stretching mode at 232 cm
-1

 when 

rhodamine 6G (R6G) molecules covalently link to colloidal 

silver,
38 in agreement with previous studies.

39
 At the same 

time, depending on the counterion, these authors have 

detected a band at 356 cm
-1

, which they assign to bending and 

torsional vibrations of the carbon skeleton, i.e. to modes 

extremely sensitive to molecular distortion. Therefore, these 

authors have suggested that the anion-induced spectral 

changes may reflect a modified interaction between R6G and 

silver, claiming a strong coupling between the anion and the 

Ag-R6G bonds. Analogous trends were observed in the present 

spectra of the silver complexes: all of them exhibited different 

intensity bands at about 225 cm
-1 

(Ag-N stretching) and 360 

cm
-1

 (bending and torsional vibrations of the carbon skeleton). 

With regards to [Ag(MAMA)2][Ag(NO3)2], the Ag-O stretching 

vibrations are expected to occur in the 250-450 cm
-1

 region.
40

 

Figs. 10, 11 and 12 show the Raman spectra of the 

[Ag(MAMA)2][BF4], [Ag(MAMA)2][PF6] and 

[Ag(MAMA)2][Ag(NO3)2] complexes, respectively, before and 

after irradiation. It is evident that the spectra of the irradiated 

samples showed the same bands as the unirradiated ones 

together with the above mentioned marker bands of 

dimerization, with decreasing relative intensity going from 

[Ag(MAMA)2][PF6] to [Ag(MAMA)2][BF4] and [Ag(MAMA)2] 

[Ag(NO3)2]. In the spectra of all the irradiated complexes, the 

aromatic CC stretching band at about 1410 cm
-1

 appeared to 

be of lower intensity with respect to the corresponding spectra 

recorded before irradiation. 

 

Fig. 12 Raman spectra of MAMA (blue) and DMAMA (red). The main bands 

characteristic of the dimer are indicated with a circle; the strongest bands that 

disappear or significantly weakened in the dimer are indicated with a triangle. 

 

 

Fig. 13 Raman spectra of [Ag(MAMA)2][BF4] before (blue) and after irradiation (red). 

The marker bands of the occurred dimerization are indicated with a circle. 

 

Fig. 14 Raman spectra of [Ag(MAMA)2][PF6] before (blue) and after irradiation (red). 

The marker bands of the occurred dimerization are indicated with a circle. 

 

Fig. 15 Raman spectra of [Ag(MAMA)2][Ag(NO3)2] before (blue) and after irradiation 

(red). The marker bands of the occurred dimerization are indicated with a circle. 

Conclusions 

In this work we have reported the [4+4] photoreactivity of 

MAMA in solution, in supramolecular gel medium and in the 

solid state. Interestingly, the photoreaction in ethanolic 

solution proceeds uniquely to give the head-to-tail photodimer 
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DMAMA accompanied also by the growth of crystals suitable 

for structure determination by X-ray diffraction methods. No 

reaction was detected in the solid state, on polycrystalline 

samples of MAMA, and very little reaction occurred in the gel. 

The lack of photoreactivity in the solid state can be 

rationalized on the basis of the crystal structure of MAMA, 

solved from X-ray powder data, which highlighted an 

unsuitable herringbone packing of MAMA within the crystal. 

This fact was also confirmed by Raman spectroscopy. The 

surprising lack of reactivity in the gel implies that MAMA 

molecule are likewise held in an unfavourable mutual 

orientation for photoreaction. The photoreactivity of MAMA 

was also studied in crystalline complexes prepared from 

reaction between MAMA and three silver salts (AgPF6, AgBF4, 

and AgNO3). Two molecular complexes [Ag(MAMA)2][PF6], 

[Ag(MAMA)2][BF4] and the 1D coordination polymer 

[Ag(MAMA)2][Ag(NO3)2] were obtained and characterized by 

means of XRD techniques. Structure determination from single 

crystal X-ray diffraction has shown, in all of the complexes 

obtained, that the anthracene-based ligands were properly 

aligned to undergo a solid state [4+4] photoreaction. 

Photoreactions were tested firstly on single crystal samples, 

which evidenced complete degradation into polycrystalline 

powders in all cases. This phenomenon is ascribed to the 

tremendous pressure and arising from the atomic/molecular 

movements within the crystals during the photoreaction.  The 

behavior of polycrystalline samples was also investigated by 

powder X-ray diffraction and Raman spectroscopy. Raman 

spectroscopy proved to be a highly effective complementary 

technique that permitted us to investigate the formation of 

solid state photoproducts, which were not distinctly defined by 

XRPD. For the irradiated polycrystalline sample 

[Ag(MAMA)2][PF6] we sought crystallographic evidence of the 

[4+4] photoreaction, i.e. the irradiated solid was treated with 

diluted solution of HBr. This resulted in the formation of 

crystals of the hydrobromide salt of the photoproduct, 

[DMAMAH2]Br2. 
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