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Summary 18 

Structure analysis of small crystals is important in synthetic organic chemistry, 19 

pharmaceutical and material sciences, and related areas, as the conformation of these 20 

molecules may differ in large and small crystals, thus affecting the interpretation of their 21 

functional properties and drug efficacy. From small crystals, X-ray and electron beams 22 

could furnish electron densities and Coulomb potentials of target molecules, respectively. 23 
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The two beams provide distinctly different information, and this potential has not been 24 

fully explored. Here we present the detailed structure of an organic molecule, rhodamine-25 

6g by X-ray free-electron laser (XFEL) and electron crystallography from the same 26 

sample batch of microcrystals. This is the first organic molecular structure determined 27 

using XFEL at subatomic resolution. Direct comparison between the electron-density and 28 

the Coulomb-potential maps together with theoretical models based on Poisson’s 29 

equation shows that the position of hydrogen atoms depends on bond type and charge 30 

distribution. The combined approach could lead to better insights into their chemical 31 

and/or binding properties for a broad range of organic molecules.   32 
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Introduction 33 

X-rays are scattered by the electrons around atoms, and electrons by charges in their path.  Thus, 34 

the two beams yield an electron-density map and a Coulomb-potential map of an object, 35 

respectively, and each map should exhibit distinct features, in a similar way that neutron 36 

diffraction (ND) complements X-ray diffraction (XRD).  It is well known that the atomic cross-37 

section that defines usable sample sizes for structure determination differ substantially between 38 

an electron beam and the other two (neutron: ~101 barns; X-ray: 100 ~ 101 barns; electron: ~105 39 

barns)1. Also, electron scattering factors vary considerably between neutral and charged atoms 40 

particularly at low resolution2,3.  This feature has been exploited to measure charge-41 

distributions in inorganic materials from convergent-beam electron diffraction (CBED) 42 

patterns2,4,5. For protein molecules, charged states at functional sites have been investigated by 43 

rotation 3D electron diffraction with a parallel beam (3D ED / microED)6 and single-particle 44 

cryo-electron microscopy (cryo-EM)7. Hydrogen densities in small organic molecules and 45 

protein structures revealed by 3D ED and high-resolution single-particle analysis appear 46 

further away from their parent atoms than those in X-ray crystal structures8,9. However, such 47 

observations are still limited and qualitative. This is due to an inability to directly compare 48 

atom densities and charge distribution because X-ray and electron analyses are not performed 49 

on the same sample. 50 

The strong scattering power of electrons limits the sample thickness such that only 51 

small and thin crystals are suitable for electron diffraction (ED) studies, while X-ray free-52 

electron lasers (XFELs) need small but thicker crystals thanks to the intense beam. It seems 53 

possible that a single sample could yield a range of crystal sizes that would be useful for both 54 

techniques. In practice, small organic compounds may be the most promising for simultaneous 55 

growth of small and larger crystals. 3D ED can collect rotational diffraction patterns from such 56 
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undersized crystals6,10,11, and can resolve hydrogen atoms in organic molecular crystals8,12. 57 

While, serial crystallography with XFEL (SX / SXFEL) records still diffraction frames with 58 

exposure of ultrafast X-ray pulses13, and has been applied mainly to protein crystals so far.  59 

Moreover, the conformations of organic molecules may differ in large and small 60 

crystals, which affects interpretation of functional properties and drug efficacy14,15. Thus, 61 

structure analysis of small crystals is important in synthetic organic chemistry, pharmaceutical 62 

and material sciences and related areas. 63 

 Here, we apply both electron and serial XFEL crystallography to an organic molecule, 64 

rhodamine-6g (9-[2-(ethoxycarbonyl)phenyl]-3,6-bis-(ethylamino)-2,7-dimethylxanthylium), 65 

obtained from the same sample batch containing many tiny crystals. For use of XFEL to organic 66 

molecular crystals, we have introduced a new scheme using a simplified sample delivery for 67 

efficient data collection and combining lattice parameters obtained from ED for data processing. 68 

To our knowledge, this is the first organic-molecular structure determination by SX and ED, 69 

an approach that could find broad application in the structural science of organic molecules for 70 

a more realistic portrayal of their structures. 71 

 72 

Structure determination at subatomic resolution by SX 73 

Microcrystals of a chloride salt of rhodamine-6g were attached on a custom-designed flat 74 

polyimide plate (4 × 4 mm2 square) with liquid paraffin. SX diffraction patterns were recorded 75 

at 30 Hz by 2D scanning of the sample plate (Fig. 1a), and X-ray pulses with high energy (15 76 

keV) constantly revealed spots beyond 1 Å resolution, which were still limited by the camera 77 

size and camera distance (Fig. 1b).  More than ~130,000 patterns were collected from one plate 78 

in ~1.5 h. Compared with SX macromolecular crystallography, the number of observed 79 

diffraction spots (~20 to ~1000) per frame appeared to be smaller (Fig. 1c), owing to the smaller 80 
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lattice lengths and lower mosaicity in the crystals. Thus, assignment of lattice indices to 81 

diffraction spots in three dimensions was difficult without prior knowledge of lattice 82 

parameters. We supplied the parameters obtained from an ED experiment of the same sample 83 

(see below), and this allowed for processing of the XFEL data including partially recorded 84 

reflections in the same way as for SX of macromolecules. The success rate of indexing was 85 

69.2%, which is comparable to the rate for protein crystals reported previously16,17.  Then, 86 

extracted intensities were integrated using the Monte Carlo method (Extended Data Table 1). 87 

Orientations of the crystals on the sample plate were random (Fig. 1d, e), and the completeness 88 

reached 100%. The crystal structure was solved by the direct-method and a Fourier difference 89 

map obtained by subtraction of calculated structure factors omitting hydrogen atoms from the 90 

experimental data clearly resolved densities for hydrogen atoms (Fig. 2a, Extended Data Fig. 91 

1a, b). Residual densities between atoms in the difference map may be attributed to covalent 92 

electrons (Extended Data Fig. 1b). To our knowledge, this is the first crystal structure of an 93 

organic compound determined by XFEL indicating that neither bonded hydrogen atoms nor 94 

bonding electrons disperse away from the molecule on exposure to a hard XFEL pulse without 95 

helium-ambiance16 or cryogenic cooling17. 96 

  97 
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 98 

Fig. 1 | SX of rhodamine-6g crystals. (a) Experimental setup. (b) A typical map of the sample 99 

plate showing data-taking positions from rhodamine-6g microcrystals. The smax of identified 100 

diffraction spots per frame is represented by a color dot. (c) Plot of the spot number vs smax in 101 

one frame. Frames used for indexing were shown in orange. (d) 3D distribution of crystal 102 

orientations over the indexed frames. (e) Projection of (d) along incident X-rays. The terminals 103 

of a* vectors are shown with colored points. The size of each point and color represent the 104 

number of frames contributing to the corresponding orientation and the averaged smax, 105 

respectively. 106 
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 107 

Comparison of SX and ED structures 108 

ED patterns were collected with a parallel beam of 300 kV electrons at room (rt-ED) and 109 

cryogenic (cryo-ED) temperatures from the same sample batch (see Methods). The crystal 110 

structures were solved from merged datasets by the direct-method, as described previously18. 111 

Hydrogen atoms are also resolved in the Fourier difference map (Fig. 2b, Extended Data Fig. 112 

1, c-f). 113 

The SX and ED structures are almost identical, but a solvent-accessible site near the 114 

amides and the chloride is partially occupied by water in the SX and cryo-ED structures, and 115 

empty in the rt-ED structure (Extended Data Fig. 2, a-e). The rt-ED structure likely lost the 116 

water molecules in the high vacuum of the electron microscope column. Compared with the 117 

SX structure, the cell lengths along the c axis shrink in both the ED structures but the cell 118 

length along the b axis shrinks only in the cryo-ED structure likely upon cooling with liquid 119 

nitrogen (Extended Data Table 1). Two molecules of this aromatic dye compose the H-type 120 

dimer through the planes of the xanthene rings (C1 to C12 and O13; Extended Data Fig. 2d). 121 

The configuration of the dimers in this orthorhombic crystal is not identical to the triclinic 122 

crystal structure with chlorine determined previously by XRD from a single crystal 123 

(Supplementary Discussion; Extended Data Fig. 2, f-h, Extended Data Table 2). We then 124 

proceeded to re-crystallize the same sample following the described condition19, and obtained 125 

triclinic crystals, and determined the structure by cryo-ED. The structure (triclinic-cryo-ED) is 126 

identical to the reported triclinic crystal structure (Extended Data Fig. 2, f, g, Extended Data 127 

Tables 1, 2 and see Methods). We confirm that the SX diffraction patterns could not be 128 

processed with triclinic cell parameters. 129 
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The rt-ED structure yields better data statistics and less deviations in bond geometry 130 

and resolves hydrogen densities at higher σ levels than that of the cryo-ED (Extended Data 131 

Table 1 and Supplementary Tables 1, 2). Radiation damage would be sufficiently small to 132 

maintain structural details at least to this resolution in the rt-ED structure. As mentioned, the 133 

cell volume changes the most in the cryo-ED structure and is reduced by ~ 7.4% of that of the 134 

SX, and by ~ 3.2% in the rt-ED structure. The large cell change of the former may detract from 135 

the quality and/or homogeneity of the crystals, and thus, we adopted the rt-ED structure 136 

primarily for further comparison with the SX structure. The rt-ED structure indeed shows 137 

significantly better correlations with the SX structure in bond lengths and atomic displacement 138 

parameters (Extended Data Fig. 3). It is generally observed that the R factor, the discrepancy 139 

between experimental data and model, for an ED structure is worse than that for an XRD 140 

structure, and reflecting this, geometry errors in ED structures have been reported to be greater8. 141 

Here, these tendencies are revealed in the SX and ED structures. The estimated standard 142 

uncertainties in the bond lengths in the ED crystal structures are ~ 2–5 times worse than those 143 

in the SX structure (Supplementary Table 1). Hydrogen densities, particularly in alkyl groups, 144 

are also resolved at lower σ levels (Fig. 2c). The higher errors may be attributed to suboptimal 145 

assignment of electron scattering factors, effects of dynamical scattering, smaller numbers of 146 

units in crystals in the final datasets and so on. 147 

  148 
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 149 

Fig. 2 | Structures of rhodamine-6g determined by SX and ED. (a) The SX structure 150 

containing chloride ions (CL1 and CL1’) and water molecules (O2W and O2W’). The prime 151 

symbols represent atoms related by the crystallographic symmetry. (b) The rt-ED structure. 152 

Gray nets were calculated from the observed amplitudes (Fo). Hydrogen-omitting difference 153 

maps (mFo-DFc) are shown in green in (a) and yellow in (b). Display contour levels are 3.0σ 154 

for all the nets. (c) Bar plot of heights of density peaks in the hydrogen omit maps along 155 

individual hydrogen atoms. Bars are grouped by bond types, and displayed in dark colors for 156 

the SX data (ρ) and in light colors for the rt-ED data (φ). 157 

 158 

Hydrogen densities 159 
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Comparison of the topology of hydrogen densities in the electron-density and Coulomb-160 

potential maps showed differences in peak positions (Fig. 2a, b). Electrons in hydrogen atoms 161 

are attracted toward bonded non-hydrogen atoms, yielding peak shifts toward the bonded atoms 162 

in the electron-density maps20,21. The shifts are larger in polar bonds, as the attractive force is 163 

stronger. This is in marked contrast to the nuclear density observed with ND22. In ED 164 

experiments, incident electrons are affected by both electrons and nuclear charges, the latter of 165 

which is localized in the nucleus and dominant in the Coulomb potential. Therefore, the peak 166 

positions of hydrogen atoms are closer to the nuclei but not identical to those in the nuclear 167 

density by ND. In our theoretical calculation based on Poisson’s equation (Fig. 3a), the peak 168 

locations in the Coulomb-potential map appear slightly longer than those in ND and exhibit 169 

the opposite shift compared to that in XRD. In fact we observed that distances from the parent 170 

atom to the density peak of hydrogen appear shorter in the SX structure than in ED (Fig. 3, b-171 

d). Differences in the distances, ΔX-Hpeak, reveal a significant tendency of the more distant 172 

positions of hydrogen density peaks in aromatic C-H bonds, whereas those in methyl and 173 

methylene C-H bonds are comparable to the standard deviation level of the peak positions 174 

(Table 1 and Extended Data Fig. 4). This observation is consistent with the hydrogen atoms of 175 

aromatic C-H bonds modeled with more of a shift toward its parent atom in XRD structures 176 

than those of methyl and methylene C-H bonds (Supplementary Table 3)23. These density 177 

features fundamentally arise from the polarity of C-H bonds, but also reflect the flexibility of 178 

hydrogen atoms. Motions of the hydrogen atom are more restricted along the bonding 179 

directions in the sp2-hybridized C-H bond than in the other C(sp3)-H bonds, which are revealed 180 

due to increased hydrogen visibility (Fig. 2c). Larger ΔX-Hpeak values are measured for the 181 

amides owing to the stronger polarity in the N(sp2)-H bonds. This theme is further discussed 182 

in Supplementary Discussion. 183 
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 184 

Fig. 3 | Peak positions of hydrogen densities. (a) Theoretical curves of hydrogen density 185 

along C-H bond. The Coulomb-potential curve in green was calculated from the electron-186 

density curve in yellow (see Methods). The peak heights are adjusted for clarity. Vertical lines 187 

represent the center position of the curves and hydrogen nucleus (1.083 Å)22. (b, c) Observed 188 

hydrogen density along aromatic C-H bonds in the hydrogen-omitted map in the SX (b) and rt-189 

ED (c) structures. Small circles and triangles on the plots represent peak locations, and gray 190 

horizontal lines refer to a density threshold level of 1.5σ. (d) The same plots as in (b) and (c) 191 

but for the N-H bonds.  192 

  193 
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Table 1. | Summary of hydrogen densities 194 

 195 

a Nall, N����� , N����� , N�����	
���: the numbers of all and observed hydrogen atoms in the SX and 196 

rt-ED densities and both of the two, respectively. 197 

b X  H��	��� , X  H��	���  and ΔX-Hpeak: averages of observed peak positions and their 198 

differences, respectively. 199 

c The standard deviations in the same type of bonds are in the parentheses. 200 

 201 

We then refined the rt-ED structure with the riding hydrogen model constrained with 202 

the longer bond lengths, as the resolution of the data was not sufficiently high to treat hydrogen 203 

atoms as unrestrained8. This yielded a drop of R values from 0.167 for Fo > 4σ and 0.206 for 204 

all Fo to 0.164 and 0.203, respectively. 205 

 206 

Analysis of charge 207 

In theory, ED could provide charge information directly. One rhodamine-6g molecule forms a 208 

salt with a chloride ion of negative charge, and positive charge should reside around the two 209 

nitrogen atoms, N15 and N16. The ΔX-Hpeak values are much larger in these amides than those 210 

in carbohydrates (Fig. 3). This indicates that both hydrogen atoms, H15 and H16, are polarized 211 

to some extent. The distances between the nitrogen atom (N15 or N16) in the amide and the 212 

chloride ion (CL1) are longer in the SX structure (3.529 (3) Å between N15 and CL1; and 213 
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3.433 (3) Å between N16 and CL1’, Supplementary Table 4) than in the rt-ED structure (3.354 214 

(10) Å; and 3.408 (10) Å). These changes would correlate with the existence of a water 215 

molecule (O2W) and the difference in the cell length along the c axis. Thus, from the 216 

geometries around both the chloride-binding sites, either of the hydrogen atoms H15 and H16 217 

would not be exclusively charged in the rt-ED structure. Indeed, R values are not improved 218 

when assigning a scattering factor of fully positive charge to one of the hydrogen atoms H15 219 

or H16: 0.167 and 0.205 for Fo > 4σ and all Fo, respectively, when H15 given +1.0, and 0.169 220 

and 0.207 when H16 given +1.0 (Supplementary Table 5 and Extended Data Fig. 5a). We then 221 

changed the partial charge values by a step of 0.1 in H15, H16, and CL1 as described7, and 222 

obtained a refined structure giving R values of 0.162 and 0.201 when assigning +0.4 to H15, 223 

+0.2 to H16, and -0.9 to CL1 (Extended Data Fig. 5, d-i and see Methods). The atomic 224 

coordinates were not much changed by refinement with and without assignment of charges. 225 

The same approach was tested for the SX data, but R values do not improve (Extended Data 226 

Fig. 6) due to considerably less sensitivity of X-ray scattering factors to charges3. 227 

Charge is evidently not localized to a particular half of the molecule and this is 228 

reasonable for the observed configuration, where the phenolic ring at the center of the xanthene 229 

ring is approximately perpendicular to the xanthene plane (Extended Data Fig. 2f), making 230 

both moieties nearly identical. The flipped oxycarbonyl group also appears to be consistent 231 

with this conformation, as the ether oxygen (O31) is located close to the center of the xanthene 232 

ring (Extended Data Fig. 7 and Supplementary Table 1). This configuration contrasts to that of 233 

the triclinic cryo-ED / XRD structure (Extended Data Fig. 2). 234 

Residual densities in the difference maps appear noisier for the ED data (Extended Data 235 

Fig. 1b), which may represent that assignment of electron scattering factors are suboptimal as 236 

mentioned. We then converted the rt-ED experimental structure factors to X-ray structure 237 
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factors by the Mott–Bethe formula24,25 instead of view in the Coulomb-potential dimension. A 238 

difference Fourier electron density map between the converted data and calculation with 239 

neutral charges now reveals interpretable features, excess of electron on an oxygen atom but 240 

deficiency on carbon and some hydrogen atoms (Extended Data Fig. 8). This must reflect 241 

electronegativity of each atom. In contrast, it is known to be difficult to express electron 242 

scattering by target molecules including charges with simple theoretical scattering curves in 243 

CBED, and so structure factors are optimized against experimental CBED patterns 244 

independently of the theoretical curves2,4,26. This kind of treatment will need further 245 

investigation for application to 3D ED. 246 

 247 

Conclusion 248 

Compared with X-rays, electrons reveal unique properties of hydrogen, not only due to the 249 

relatively higher scattering power27 but also to the distal location of the density and to their 250 

higher sensitivity to charges. ED can provide more accurate information on the hydrogen 251 

nucleus than XRD, despite larger coordinate errors.  Ultra-high resolution XRD, ND, and 252 

combination of the two have been used to obtain information beyond atomic coordinates of 253 

target molecules28. These studies, particularly by ND, have been severely limited by the 254 

requirement for large crystals. The use of tiny crystals in the sample here is more practical and 255 

no special treatment was needed for either SX or ED measurements. Combining the techniques 256 

clearly reveals their distinct complementary features, and should be applicable for investigation 257 

of more complex structures and their chemical properties. 258 

 259 

References 260 



  15 
 

1. Henderson, R. The potential and limitations of neutrons, electrons and X-rays for atomic 261 

resolution microscopy of unstained biological molecules. Q. Rev. Biophys. 28, 171–193 262 

(1995). 263 

2. Zuo, J. M., Kim, M., O’Keeffe, M. & Spence, J. C. H. Direct observation of d-orbital holes 264 

and Cu-Cu bonding in Cu2O. Nature 401, 49–52 (1999). 265 

3. Yonekura, K. et al. Ionic scattering factors of atoms that compose biological molecules. 266 

IUCrJ 5, 348–353 (2018). 267 

4. Nakashima, P. N. H., Smith, A. E., Etheridge, J. & Muddle, B. C. The bonding electron 268 

density in aluminum. Science 331, 1583–1586 (2011). 269 

5. Gao, W. et al. Real-space charge-density imaging with sub-ångström resolution by four-270 

dimensional electron microscopy. Nature 575, 480–484 (2019). 271 

6. Yonekura, K., Kato, K., Ogasawara, M., Tomita, M. & Toyoshima, C. Electron 272 

crystallography of ultrathin 3D protein crystals: Atomic model with charges. Proc. Natl. 273 

Acad. Sci. U. S. A. 112, 3368–3373 (2015). 274 

7. Yonekura, K. & Maki-Yonekura, S. Refinement of cryo-EM structures using scattering 275 

factors of charged atoms. J. Appl. Crystallogr. 49, 1517–1523 (2016). 276 

8. Clabbers, M. T. B., Gruene, T., van Genderen, E. & Abrahams, J. P. Reducing dynamical 277 

electron scattering reveals hydrogen atoms. Acta Crystallogr. Sect. A Found. Adv. 75, 82–278 

93 (2019). 279 

9. Nakane, T. et al. Single-particle cryo-EM at atomic resolution. Nature 587, 152–156 (2020). 280 

10. Zhang, D., Oleynikov, P., Hovmöller, S. & Zou, X. Collecting 3D electron diffraction data 281 

by the rotation method. Z. Krist. 225, 94–102 (2010). 282 



  16 
 

11. Nannenga, B. L., Shi, D., Leslie, A. G. W. & Gonen, T. High-resolution structure 283 

determination by continuous-rotation data collection in MicroED. Nat. Methods 11, 927–284 

930 (2014). 285 

12. Palatinus, L. et al. Hydrogen positions in single nanocrystals revealed by electron 286 

diffraction. Science 355, 166–169 (2017). 287 

13. Chapman, H. N., et al. Femtosecond X-ray protein nanocrystallography. Nature 470, 73–288 

78 (2011). 289 

14. Datta, S. & Grant, D. J. W. Crystal structures of drugs: Advances in determination, 290 

prediction and engineering. Nat. Rev. Drug Discov. 3, 42–57 (2004). 291 

15. Liu, H., et al. Phosphorene: An unexplored 2D semiconductor with a high hole mobility. 292 

ACS Nano. 8, 4033–4041 (2014). 293 

16. Masuda, T., et al. Atomic resolution structure of serine protease proteinase K at ambient 294 

temperature. Sci. Rep. 7, 45604 (2017). 295 

17. Kwon, H., et al. XFEL crystal structures of peroxidase Compound II. Angew. Chem. Int. 296 

Ed. Engl. 60, 14578–14585 (2021). 297 

18. Takaba, K., Maki-Yonekura, S., Inoue, S., Hasegawa, T. & Yonekura, K. Protein and 298 

organic-molecular crystallography with 300kV electrons on a direct electron detector. 299 

Front. Mol. Biosci. 7, 612226 (2020). 300 

19. Adhikesavalu D. N., Mastropaolo, D., Camerman, A. & Camerman, N. Two rhodamine 301 

derivatives: 9-[2-(ethoxycarbonyl)phenyl]-3,6-bis(ethylamino)-2,7- dimethylxanthylium 302 

chloride monohydrate and 3,6-diamino-9-[2-(methoxycarbonyl)phenyl]xanthylium 303 

chloride trihydrate. Acta Crystallogr. C 57, 657–659 (2001). 304 

20. A. Ø. Madsen, Modeling and Analysis of Hydrogen Atoms, in. Structure and bonding 305 

(Springer, Berlin, 2012), 21–52 306 



  17 
 

21. Woińska, M., Grabowsky, S., Dominiak, P. M., Woźniak, K. & Jayatilaka, D. Hydrogen 307 

atoms can be located accurately and precisely by x-ray crystallography. Sci. Adv. 2, 308 

e1600192 (2016). 309 

22. Allen, F. H. & Bruno, I. J. Bond lengths in organic and metal-organic compounds revisited: 310 

X - H bond lengths from neutron diffraction data. Acta Crystallogr. B Struct. Sci. 66, 380–311 

386 (2010). 312 

23. Sheldrick, G. M. Crystal structure refinement with SHELXL. Acta Crystallogr. Sect. C 313 

Struct. Chem. 71, 3–8 (2015). 314 

24. Mott, N. F. The scattering of electrons by atoms. Proc. R. Soc. London A, 127, 658–665 315 

(1930). 316 

25. Bethe, H. Zur Theorie des Durchgangs schneller Korpuskularstrahlen durch Materie. Ann. 317 

Phys. 397, 325–400 (1930). 318 

26. Ogata, Y., Tsuda, K., Tanaka, M. Determination of the electrostatic potential and electron 319 

density of silicon using convergent-beam electron diffraction. Acta Crystallogr. Sect. A 320 

Found. Adv. 64, (2008). 321 

27. Yip, K. M., Fischer, N., Paknia, E., Chari, A. & Stark, H. Atomic-resolution protein 322 

structure determination by cryo-EM. Nature 587, 157–161 (2020). 323 

28. Afonine, P. V., et al. Joint X-ray and neutron refinement with phenix.refine. Acta 324 

Crystallogr. D Biol. Crystallogr. 66, 1153–1163 (2010). 325 

 326 

Methods 327 

Serial X-ray crystallography 328 

We designed a sample support composed of a polyimide flat-faced plate with a size of 4 × 4 329 

mm2 and a thickness of 20 μm (Protein Wave Corporation) and incorporated a metal pin 330 
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attached to a tail of the plate (right bottom in Fig. 1a). Microcrystal powder of rhodamine-6g 331 

(9-[2-(ethoxycarbonyl)phenyl]-3,6-bis-(ethylamino)-2,7-dimethylxanthylium) – chloride 332 

(Tokyo Chemical Industry) was mixed  with low-viscosity liquid paraffin (Nacalai Tesque), 333 

and spread over the polyimide plate.  The sample was sandwiched with another plate, and held 334 

between the plates. 335 

A prepared sample was fixed through the pin onto a specially designed sample-pin 336 

mounter and vertically placed on a sample stage of beamline 2 at the SACLA XFEL facility29,30. 337 

The photon energy of XFEL and the beam size at the sample plane were adjusted to 15.0 keV 338 

and ~ 1 μm, respectively. The duration and the repetition rate of the pulses were 7 fs and 30 339 

Hz, respectively. The pulse energy was ~ 160 μJ/pulse. The sample plate was scanned in 2D 340 

directions over the whole plate plane, while the XFEL beam was exposed every 10 μm and 341 

diffraction patterns recorded on an MX300-HS CCD detector (Rayonix), placed at 100 mm 342 

downward from the sample plane. All data collection was performed at room temperature. 343 

CCD frames showing Bragg spots were first identified using a diffraction data 344 

processing program DIALS31. The highest s, smax  = ��
 �
�  (where θ is half the scattering angle 345 

and λ is the wavelength of X-rays) of identified diffraction spots per frame was reconstructed 346 

on the sample plate with their data-taking position (Fig. 1b). Hit frames were processed using 347 

the CrystFEL suite32. Frames with no pixel value of > 1000 or having few (< 30 spots) or too 348 

many (> 300 spots) spots were excluded, as spot indexing for these frames was less successful. 349 

Some frames taken during the beam was down (represented in blue horizontal lines in Fig. 1b) 350 

were also excluded. Diffraction spots were indexed with XGANDALF33, Dirax34 and Mosflm35 351 

based on lattice parameters obtained from rotational ED patterns (see below). Total 46,272 of 352 

~13,600 frames were selected and indexed from a plate. The unit cell orientations are shown 353 

to cover all the directions without missing directions (Fig. 1d, e). Integrated intensities from 354 
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many frames were merged by process_hkl in the CrystFEL suite. An initial structure was solved 355 

by direct phasing with SHELXT36. Datasets measured from two plates with success indexing 356 

rates of 67.8% and 71.4% were merged and used for the structure determination.  The structure 357 

was refined and the estimated standard uncertainties of bonds and angles were calculated by 358 

SHELXL23. Hydrogen atoms were generated during the refinement using a riding model 359 

implemented in SHELXL, and the other restraints were removed at the end. 360 

Distribution of crystal size was measured and estimated using an optical digital 361 

microscope (KEYENCE VHX-7000) and a function of particle analysis in OpenCV37. The 362 

crystal particle diameters were 2.53±3.72 μm (N=377). 363 

 364 

Electron crystallography 365 

Rhodamine-6g powder crystals suspended in Novec7100 (3M), an inert solvent of a 366 

hydrofluorocarbon, were spread over a 200 mesh copper grid (Maxtaform HF-34) covered with 367 

holey carbon film (Quantifoil R1.2/1.3, R1/4). This hydrofluorocarbon solvent is effective for 368 

yielding a good distribution of crystals over the grid. After drying the solution, the grid was 369 

directly cooled with liquid nitrogen, and transferred into a CRYO ARM 300 electron 370 

microscope (JEOL) operated at an accelerating voltage of 300 kV and maintained at a specimen 371 

temperature of ~ 300 or 98 K. A semi-automated data collection of rotational ED patterns was 372 

carried out by combined use of SerialEM38 and ParallEM39,40 as previously described18,41. 373 

Crystals were illuminated with a parallel electron beam of ~5.1 μm diameter at an electron 374 

dose rate of ~ 0.02 e- Å-2 s-1. Sequential diffraction frames per crystal were collected by 375 

continuously rotating the sample stage from -68º to 68º at a goniometer rotation speed of 1 º s-376 

1, and patterns were recorded on a hardware-binned 4k × 4k pixel array of a DE64 direct 377 
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detection detector (Direct Electron). The nominal camera length was set to 800 mm and 378 

subsequently calibrated from gold sputtered on a carbon film at the end of the session. 379 

Total 48 and 38 rotation series for the rt and cryo datasets, respectively (numbers of 380 

datasets are written in the same manner below), were first ×2 binned, and processed with 381 

DIALS for indexing and integrating of diffraction spots. We found that the crystal form was 382 

different from that previously reported19. Reduced datasets were grouped and sorted by 383 

KAMO42, which carried out scaling and merging by using Pointless43, XSCALE44 and 384 

BLEND45. All merged clusters were examined for direct phasing by SHELXT and SHELXD46 385 

and for following initial refinement by SHELXL. A merged cluster derived from 23 and 27 386 

datasets was selected by R1 criteria and number of contributed reflections. An initial structure 387 

was then refined using a model with elongated riding hydrogen bond and partially charged 388 

atoms as described briefly in the main text and in detail below. Scaling between the 389 

experimental data and the model was adjusted as previously described47. The geometrical 390 

restraints were finally removed, while B-factors were kept restrained with commands SIMU 391 

and ISOR. 392 

The triclinic form of rhodamine-6g crystals was obtained by recrystallization as 393 

described21. Briefly, the original powder of tiny crystals was dissolved in a mixed solution of 394 

methanol, ethanol and water. Crystals were obtained by drying the solution over a few days, 395 

and ED data were collected at cryogenic temperature in the manner described above. Total 30 396 

rotation series yielded the best cluster from 17 datasets. 397 

 398 

Conversion of electron density to Coulomb potential 399 

The electron-density model of an independent hydrogen atom is expressed at a radius r from 400 

the center of the electron density as, 401 
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���� = 1
���� exp # 2%

��
& �1� 402 

where a0 is to the Bohr radius. The electron density is smeared by thermal motion as 403 

〈����〉 = ���� ∗ *�+, -� �2� 408 

where * denotes convolution, u defines a displacement vector from the mean position, and U 404 

is the displacement amplitude. A probability distribution function, P, represents the Fourier 405 

transform of the Debye-Waller factor. The electron density can be converted to the Coulomb 406 

potential using an integrated form of the Poisson’s equation: 407 

.��� = /
012�	3
|�  �
012�	3|  5 ���6�

|�  �6| 7�%6 �3� 411 

where the nuclear charge (Znuclear) is one for the hydrogen atom. The Coulomb potential is also 409 

converted to the smeared form, as shown in Eq. (2). 410 

A one-dimensional electron-density curve, shown in Fig. 3a, was plotted based on the 412 

model in Eq. (1), with a peak position of 0.930 Å, derived from SHELXL23. Coulomb-potential 413 

curves and peak positions in Supplementary Table 3 were calculated using Eqs. (1–3) by 414 

adopting the nuclear positions of hydrogen atoms from an ND study22.  415 

 416 

Measure of peak heights in hydrogen densities 417 

The peak height for hydrogen atoms in the difference density maps, Δσ, was measured from 418 

the estimated base density level at the corresponding bonded non-hydrogen atom in the map 419 

(Fig. 2c, Fig. 3, b-e and Supplementary Table 2). 420 

 421 

Atomic charges around ion-binding sites 422 

Charges in pairs of amide-hydrogen and chloride atoms in rhodamine-6g were examined 423 

through a grid-search over all combinations, in which hydrogen is positive and ≤ +1.0, and 424 
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chloride is negative and ≥ -1.0, with a step size of 0.1. Scattering factors of partially charged 425 

atoms were calculated by linear combinations of those of neutral and ionized atoms, as in the 426 

previous study3. All the coordinates and B-factors were refined again for all combinations of 427 

the scattering factors. R values in the lowest resolution shell (s < 0.2 Å-1), in the other remaining 428 

shells (s ≥ 0.2 Å-1), and including all the shells were monitored, as diffraction data at lower 429 

resolutions have higher sensitivity to charges. A model having charges of +0.4 for H15, +0.2 430 

for H16 and -0.9 for CL1 provided the best R values for the rt-ED data in the lowest-resolution 431 

shell (Extended Data Fig. 5), while no significant improvement in R values was observed for 432 

the SX data. Bond lengths and B-factors in the charged rt-ED and neutral rt-ED models were 433 

plotted for model validation (data not shown), which shows no deviation between the models. 434 

Additional trials with assignment of positive or negative charge on the amide nitrogen atoms 435 

(N15 and N16) did not improve R values. 436 

 437 

Conversion of Coulomb potential to electron density 438 

The rt-ED experimental scattering factors were converted to the X-ray structure factors by the 439 

Mott–Bethe formula24,25 with the obtained model structure using the GEMMI library 440 

(https://github.com/project-gemmi/gemmi). A difference Fourier map was calculated between 441 

the converted and model structure factors with neutral charges. 442 

 443 

Data and materials availability: Crystallographic data was deposited at the Cambridge 444 

Crystallographic Data Centre, under a deposition number CCDC 2119567 (SX). 445 

 446 
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Extended Data Table 1 | Summary of data taking and crystallographic data statistics. 523 

a Rsplit is shown for SX data, while Rmerge is for ED data. 524 

b estimated standard uncertainties calculated from full-matrix refinement with SHELXL23. 525 

 526 

527 
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Extended Data Table 2 | Crystal systems of rhodamine-6g compounds in Cambridge 528 

Structural Database and in this work. 529 

a Atomic composition is shown for one rhodamine-6g molecule. 530 

 531 

 532 

  533 
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 534 

Extended Data Fig. 1 | 2D slices of electron density and Coulomb potential maps at the 535 

plane of the xanthene ring. (a) A slice of the Fo map calculated from the SX data and overlaid 536 

with the model. Some atoms are labelled. (b) A slice of the hydrogen-omitted map (mFo-DFc) 537 

from the SX. (c, d) The same slices as in (a) and (b) but calculated from the rt-ED data. (e, f) 538 

The same as in (c) and (d) but from the cryo-ED data. Arrows in (b) indicate residual densities 539 

likely representing covalent electrons. The color display is gradually changed from -4σ to +4σ 540 

as in a gradient bar at the right of each map. 541 

  542 
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 543 

Extended Data Fig. 2 | Atomic models of rhodamine-6g obtained in this study. (a-c) The 544 

SX model determined from the orthorhombic crystal placed in the unit cell (a), the rt-ED (b) 545 

and the cryo-ED (c) models from the orthorhombic crystal. (d) The atomic model in (a) with 546 

labels of non-hydrogen atoms. (e) Overlay of the models in (a) and (b) along with the unit cells. 547 

(f) The triclinic cryo-ED model from the recrystallized crystal. (g) The model in (f) with labels 548 

of non-hydrogen atoms. (h) Rhodamine-6g dimers in the orthorhombic (orange) and triclinic 549 

crystals (cyan). The rt-ED (b) and triclinic-cryo-ED (f) models are overlaid by adjusting the 550 

monomers at the top onto each other. 551 

  552 
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 553 

Extended Data Fig. 3 | Similarities among the atomic models of the SX and ED structures. 554 

(a, b) Relation plots between the SX and ED structures in bond lengths (a) and in B-factors (b). 555 

Correlation coefficients between the SX and ED models are also shown in the graphs. 556 

  557 
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 558 

Extended Data Fig. 4 | Peak positions of hydrogen densities in methyl and methylene 559 

groups. (a) The same density plots as in Fig. 3b and C but in C-H3 (methyl) bonds from the 560 

SX and rt-ED structures in green and yellow, respectively. (b) The same plots as in (a) but in 561 

C-H2 (methylene) bonds. Gray horizontal lines refer to a density level of 1.5σ, and vertical 562 

lines represent the positions of the hydrogen nuclei, obtained by ND studies22. 563 

  564 
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 565 

Extended Data Fig. 5 | Diagrams of R value variations for refinement of the rt-ED 566 

structure with the charged-atom model. (a – i) Charge values were varied for specific atoms 567 

shown in the horizontal and vertical axes, and R values are represented in gradient colors 568 

according to the gradient bar on the right in each diagram. R values for the data with Fo > 4σ 569 

in the whole resolution shells (a, d, g), in the lowest resolution shell of s < 0.2 Å-1 (b, e, h) and 570 

in the other remaining shells (s ≥ 0.2 Å-1) (c, f, i). Amide-hydrogen atoms (H15 and H16) were 571 

exclusively charged with given values along the axes in (a – c). Given a charge of -0.9 to a 572 

chloride atom (CL1), H15 and H16 were positively charged in (d – f). Given +0.2 to H16, H15 573 

was positively and CL1 was negatively charged in (g – i). The lowest R value is shown with 574 

yellow markers in d, e, g and h. All possible combinations of charges for H15, H16 and CL1 575 

were examined as in Methods. 576 

 577 
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 578 

Extended Data Fig. 6 | Diagrams of R value variations for refinement of the SX structure 579 

with the charged-atom model. (a – i) Done in the same way as in Extended Data Fig. 5, but 580 

for the SX data and model. No grid points giving R value minima are depicted and variations 581 

in R values are smaller than those for the ED data (c.f. Extended Data Fig. 5). 582 

  583 



  35 
 

 584 

Extended Data Fig. 7 | Configuration of the xanthene ring and the ethoxycabonyl tail in 585 

the SX structure of rhodamine-6g. (a) The plane including the xanthene ring shown in pale 586 

pink is labeled ‘α’. The plane ‘β’ in magenta is defined as a cross-section cutting through the 587 

center of the xanthene ring along O13 – C6 and perpendicular to the plane α. (b) A side view 588 

of (a). The ether oxygen (O31) in the ethoxycarbonyl tail faces to the xanthene-ring side and 589 

is close to the central plane β: only 0.163 Å and 0.038 Å apart from the plane in the SX- and 590 

cryo-ED structures, respectively. The distances of which are also listed in Supplementary Table 591 

1. 592 

 593 

 594 

Extended Data Fig. 8 | A 2D slice of a difference Fourier electron density map converted 595 

from rt-ED.  Calculated between the converted Fo from the rt-ED data and Fc for X-rays with 596 

neutral changes. Displayed as in Extended Data Fig. 1. 597 

 598 
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Supplementary Discussion 22 

Comparison of rhodamine-6g structures 23 

In the SX, rt-ED, cryo-ED structures, the plane of the stacked rings is approximately 24 

perpendicular to the plane of the phenolic ring (C17 to C22), which would impede resonance 25 

between rings and hinder electron transfer48,49. The configuration of the dimers in this 26 

orthorhombic crystal is nearly identical to that in an iodide salt crystal (CCDC#129329; 27 

Extended Data Table 2), but different from the triclinic crystal structure with chlorine 28 

determined previously by XRD from a single crystal, in which the planes of the two rings are 29 

oblique to each other rather than normal19 (Extended Data Fig. 2, f-h). This particular dye 30 

exhibits a tendency to aggregate at higher concentrations, and hence, the effects of dimerization 31 

have been studied with respect to its photochemical properties50,51. A similar orientation of the 32 

H-type dimer to the SX and ED orthorhombic crystal structures was also proposed in a recent 33 

theoretical calculation51. However, the oxycarboxyl plane is flipped, and the configuration is 34 

different from that in the experimentally obtained structures here. The monomer conformation 35 

of the SX, rt-ED and cryo-ED structures likewise differs from the organic-solvent and metal 36 

complex structures of rhodamine-6g or its derivative (CCDC#1298021; CCDC#674356; 37 

Extended Data Table 2). 38 

 39 

Further consideration on variations in hydrogen densites 40 

In addition to the polarity of bonding and the motion of hydrogen atoms indicated in the main 41 

text, other factors such as smearing by truncation of information in reciprocal space, isotropic 42 

and anisotropic atomic displacement parameters, and anharmonicity along the bonding 43 

direction20 should also be considered for quantification of the chemical characteristics at each 44 

site through electron-density and Coulomb-potential maps. The requirement for deconvolution 45 
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of these factors, however, is beyond the precision limits of the current SX and ED experiments. 46 

Practically, observations like those in this study could follow hybrid-analyses of XRD, ND 47 

and/or theoretical calculations20,21,52.  Well-resolved hydrogen atoms, as seen in aromatic and 48 

amide groups, would be suitable candidates for further analyses. 49 

 50 

 51 

 52 

Supplementary Table 1 | Geometries of the atomic models of rhodamine-6g 53 

Values in parentheses are estimated standard uncertainties derived from the full-matrix least 54 

squares refinement.  55 

a Defined as a cross-section cutting through the center of the xanthene ring along O13 – C6 and 56 

perpendicular to the plane of the xanthene ring (see main text and Extended Data Fig. 7). 57 

 58 
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Supplementary Table 2 | A list of hydrogen peak positions from bonded atoms. See also 59 

Fig. 3. 60 

 61 
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Supplementary Table 3 | Peak positions of the hydrogen atom from the bonded atom for 62 

X-ray, neutron and electron beams. 63 

X � H
���

��	 refers to the peak position of the hydrogen atom from the bonded non-hydrogen 64 

atom for XRD under IAM, and values in the column are adopted from ref 23; and X � H
���


	  is 65 

the same as X � H
���

��	 but determined by ND22. ΔXRD-ND refers to difference between X � H
���

��	 66 

and X � H
���


	 . Values in X � H
���

�	  were converted from those in X � H
���

��	  using the 67 

Poisson’s equation for ED under IAM (see the supplementary materials). ΔED-ND and ΔED-XRD 68 

are differences between peak locations in ED (X � H
���

�	 ) and XRD (X � H
���


	 ) and in ED and 69 

ND (X � H
���

��	). 70 

 71 
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Supplementary Table 4 | Geometry of hydrogen bonding around amides 72 

a The disposition of the three atoms is not allowed for hydrogen-bond formation. 73 

 74 



  7 

 

Supplementary Table 5 | Parameterization of scattering factors of partially charged 75 

atoms for structure refinement with SHELXL23 76 

 77 
 78 


