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SM Figures 

 

Figure S1. Raw experimental fs-TA spectra of (A) Bpcb Pg®Pr, (C) Bpcb Pr®Pg, (B) Bbv Po®Pfr, 

and (D) Bbv Pfr®Po transitions. The Bpcb Pg®Pr and Pr®Pg spectral data were collected using a 

525 nm actinic pump with 650 nm LEDs and 650 nm actinic pump with 505 nm LEDs, respectively. 

The Bbv Po®Pfr and Pfr®Po spectral data were collected using a 600 nm actinic pump with 650 

nm longpass-filtered tungsten lamp and 690 nm actinic pump with 600 nm LEDs, respectively. 

The –2 ps TA trace was subtracted from all the subsequent traces to effectively remove strong 

scattering signals around the actinic pump wavelengths (denoted by the orange asterisk in each 

panel) [1]. Representative black arrows highlight the dynamic trend of transient electronic marker 

bands as time progresses up to 900 ps (except for 600 ps in panel A) within the probe spectral 

window. All the time-resolved electronic spectroscopic measurements were performed for various 

CBCRs in aqueous buffer solution at room temperature (see Section 3 in main text). 
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Figure S2. Probe-dependent fits of (A) Bpcb Pg®Pr, (C) Bpcb Pr®Pg, (B) Bbv Po®Pfr, and (D) 

Bbv Pfr®Po transitions. The integrated TA signal intensity area was taken ±5 nm from the listed 

center wavelengths and least-squares fit using weighted (percentage shown) exponential decay 

components. The Bpcb Pg®Pr and Pr®Pg spectral data were collected using a 525 nm actinic 

pump with 650 nm LEDs and 650 nm actinic pump with 505 nm LEDs, respectively. The Bbv 

Po®Pfr and Pfr®Po spectral data were collected using a 600 nm actinic pump with 650 nm 

longpass-filtered tungsten lamp and 690 nm actinic pump with 600 nm LEDs, respectively. All the 

fs-TA experiments were performed for CBCRs in buffer at room temperature. The locations for 

these specific probe wavelengths in the broadband TA spectra of various CBCR photoswitching 

processes can be visualized by the color-coded vertical solid lines in Figure 2A–D (see main text). 

Notably, these probe-dependent fits yield characteristic time constants with amplitude weights 

that facilitate interpretations of excited-state processes, corroborated by global analysis (Figure 3), 

particularly for the long time constant (~3 ns) with 1–4% amplitude weight of Bbv (Figure S2B,D).  
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Figure S3. Control plots of fs-TA spectra for dilute Bpcb Pr®Pg conversion. The actinic pump at 

650 nm was used in conjunction with the 505 nm LEDs, while the white light probe was generated 

using a sapphire crystal plate (to cover the region for redder photons, see Section 3.3 in main text). 

The Bpcb concentration was ~0.2 OD per mm measured at the absorption peak of the steady-state 

Pr species. Besides the prominent ESA band below ~550 nm, the GSB/ESA/SE bands around 

594/618/743 nm are labeled and denoted by black/black/red vertical solid lines. The white asterisk 

marks the pump scattering around 650 nm. The black dashed line at 694 nm may be indicate of a 

weak HGSA band of Lumi-R that emerges at later times (still overlapped with the pump scattering 

on the blue side and residual SE band on the red side) [1,2]. GSB, ground-state bleaching; ESA, 

excited-state absorption; SE, stimulated emission; HGSA, hot ground-state absorption. 

In comparison with the much higher concentration of Bpcb sample in buffer solution, the much 

reduced scattering from the 650 nm Raman pump as well as less GSB band intensity in that region 

allows a clearer observation of the ESA band around 618 nm, which could be attributed to an 

intermediate electronic excited state that we termed as Pr*’ (see Figure 5C in main text). 
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Figure S4. Control plots of fs-TA spectra for Bbv reversible photoswitching. Contour plots of the 

fs-TA spectra of Bbv in buffer solution following (A) 600 nm actinic pump (Apu) with 600 nm 

LEDs and (B) 704 nm actinic pump with 650 nm longpass (lp)-filtered tungsten lamp up to 900 ps 

time delay. Vertical red/black lines denote 740/633 nm probe wavelengths in panel A and 740/639 

nm probe wavelengths in panel B for comparison to Figure 2B and D in main text. 

Notably, since the 600 nm LEDs convert Bbv to its Pfr state (see Figure 1F) with no significant 

Po population, the 600 nm Apu cannot effectively initiate the Po®Pfr conversion. Therefore, on 
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similar intensity and time scales, TA features in Figure S4A are much smaller than those in Figure 

2B. In particular, the prominent GSB band around 633 nm or 700 nm (Figure 2B) is negligible in 

Figure S4A. Moreover, the 600 nm Apu does not create a mixed Po/Pfr population at the time zero 

of photoexcitation, which would otherwise display complex overlapping electronic bands [1]. In 

analogy, since the 650 nm lp-filtered tungsten lamp converts Bbv to its Po state (Figure 1F) with 

no significant Pfr population, the 704 nm Apu cannot effectively initiate the Pfr®Po conversion. 

The residual TA signals in Figure S4A and B correspond to a small Po and Pfr population that 

remains unconverted by the LED box or lp-filtered tungsten lamp, respectively, which resemble 

the spectral patterns in Figure 2B and D. These carefully designed and analyzed control 

experiments further confirm the robustness of major TA data which track the reversible 

photoswitching processes between the Po and Pfr conformers of Bbv on the sub-nanosecond time 

scale (see main text), with the intended reversible photoswitching processes under investigation 

(i.e., not the pureness of each conformer state, but the light-induced transitions between the 

specific excited-state species in both directions). 
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Figure S5. Contour plot of fs-TA spectra for the Bbv Pfr®Po conversion upon 704 nm excitation. 

Experimental conditions were kept the same as Figure 2D except that the actinic pump was tuned 

from 690 nm to the redder 704 nm. Black and red vertical lines denote the probe wavelengths of 

639 and 740 nm for a direct comparison with TA features in Figure 2D (main text). 

Notably, the observed TA spectral pattern and retrieved time constants in Figure S5 match 

those in Figure 2D regarding the Bbv Pfr®Po conversion (with 600 nm LEDs), while the reduced 

TA signal intensity with 704 nm pump is likely due to less sample concentration for this 

experiment (OD≈0.2/mm, with the cofactor having similar absorption intensity at 704 and 690 nm, 

see dark red trace in Figure 1F) [3]. This important result provides further evidence that the 690 

and 704 nm actinic pump pulses excite a homogeneous Pfr population of the BV cofactor inside 

AnPixJg2_BV4 pocket (see main text) [4-6]. 
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Figure S6. Comparison of the Stokes and anti-Stokes FSRS of Bbv in buffer solution. Using 803 

nm Raman pump and Raman probe on the Stokes (S) and anti-Stokes (AS) side, the ground-state 

FSRS spectra of the Bbv Pfr conformer and Po conformer are overlaid in one graph with the S 

(red)/AS (dark red) spectra and S (pink)/AS (orange) spectra shown with positive/negative-going 

peaks (as Raman gain/loss), respectively. The frequency axis of the AS spectrum is multiplied by 

(–1) to match that of the S spectrum. Vertical blue dashed lines highlight the mostly identical peak 

frequencies despite the significant intensity difference between the S and AS spectra of both Bbv 

conformers. The stimulated Raman gain magnitude of 0.1% is shown by the double-headed arrow. 

Notably, some dispersive spectral line shapes are visible for the anti-Stokes FSRS, 

although the peak intensity enhancement is significant due to a better overlap between the bluer 

Raman probe (than the 803 nm Raman pump) and the ground state absorption band of the Pfr 

species. This effect is less dramatic for the Po species that has an absorption peak (624 nm) bluer 

than the Pfr species (699 nm, see Figure 1F). 
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Figure S7. Overlay of the experimental GS-FSRS of Bbv Pfr state using 600 nm LEDs, 803 nm ps 

Raman pump, and redder Raman probe on the Stokes side (black) and the DFT-calculated Raman 

spectrum [7] using the BV cofactor taken from the crystal structure (PDB ID: 5ZOH) [4]. Both 

spectra were normalized at the ~1467 cm-1 mode for better comparison. A frequency scaling factor 

of 0.97 was used to match the experimental and calculated Raman spectra [1,8,9]. 

In comparison with our previous GS-FSRS experiment on the PCB cofactor in AnPixJg2 

(Apcb) using a bluer Raman pump wavelength (596 nm) and Raman probe on the Stokes side 

wherein a prominent 1615 cm-1 mode was observed for the Pr form [1], the much weaker ~1616 

cm-1 mode of the BV cofactor Pfr form in AnPixJg2_BV4 (Bbv, also see Figure 4C in main text) 

in this work is due to weak probe photon counts redder than ~920 nm in supercontinuum white 

light generated by focusing fs ~800 nm laser pulses onto a thin sapphire plate [3,10]. Future work 

using a redder white light with the ~800 nm Raman pump or the current white light with a bluer 

Raman pump could provide more spectral data in the high-frequency (>1600 cm-1) region. 
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SM Table 

Table S1. Raman mode assignment of the BV cofactor Pfr state. 

GS-FSRS 
(cm-1) 

DFT calc. (cm-1) 
(unscaled, cm-1) 

a Vibrational mode assignment (major) 

Pfr 

1616 1610 (1660) 
CD methine bridge C15=C16 stretch and C–H rock with D 

ring N–H rock and C=C stretch 

1467 1465 (1510) 
B and C ring deformation with N–H rock, sidechain CH3 

bending 

1225 1238 (1276) 
A, B, and C ring deformation with N–H rock and AB 

methine bridge C–H rock 

1103 1102 (1136) B and C ring deformation with C–H bridge rock 

1050 1051 (1083) D ring deformation with strong sidechain C–H wagging 

853 850 (876) 
C & D ring N–H rocking with C–C stretching of the C and 

D ring, and methine bridge bending 

797 805 (830) 
ABC ring N–H wagging with CD methine bridge C–H 

wagging 

659 657 (677) Collective C–C conjugated wagging with C–H wagging 

a The vibrational normal mode frequencies were calculated using the BV cofactor from Bbv crystal 

structure (PDB ID: 5ZOH) [4] with the C and D ring propionate groups replaced with methyl caps 

[1,11]. The density functional theory (DFT)-calculated vibrational frequencies were multiplied by 

a 0.97 scaling factor. The experimental Raman mode frequencies were determined by least-squares 

fitting the GS-FSRS spectrum with gaussian-profile peaks above the signal-to-noise ratio (see 

Figure 4C in main text) [12,13]. 
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