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Appendix Figure A. The Emergence of Nanotechnology, 1980–2010
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Appendix B. The Timing of the First Nanotechnology Invention
This appendix details how we estimated the timing of our sample incumbents' first nanotechnology invention. For this estimation, we focused on the full alliance sample (with nanotechnology-capable and -incapable partners), constructed data at the firm-year level, and utilized a Cox hazard model. A Cox hazard model is a semiparametric model that makes no assumption about the baseline hazard function. The critical assumption for the Cox model is the proportional hazard assumption, which refers to the fact that the hazard functions are multiplicatively related by a function of the explanatory covariates. This implies that two observations have a hazard ratio that is constant over the survival time. All variables passed the Schoenfeld test, implying that there is no evidence against the proportional hazard assumption. We categorized firms into four groups based on their size (those with average inflation-adjusted total assets greater than $10 billion U.S. dollars, between $1 billion and $10 billion U.S. dollars, between $100 million and $1 billion U.S. dollars, and less than $100 million U.S. dollars) and used this firm size variable as a stratification variable. Robust standard errors clustered by firm were used to address possible heteroscedasticity.
Since we are focusing on the timing of the first application (later successful) of a nanotechnology patent, firms that filed their first nanotechnology patents before 1990 were excluded from this analysis (i.e., IBM, Texas Instruments, Honeywell, GTE Corp, Hitachi Ltd, and Matsushita Electric Industrial).[footnoteRef:1] Among the remaining 42 firms, 22 firms applied for at least one nanotechnology patent during the sample period. Due to the nature of the survival analysis, these 22 firms were dropped from the sample after they filed their first nanotechnology patents. This led to 423 firm-year observations. [1:  Note that the results remained consistent when we excluded these proactive firms from the sample and re-ran all the main analyses used to test our hypotheses.] 

The dependent variable is First nanotechnology patent application, a dummy variable coded as one if a firm applied for its first nanotechnology patent in a given year and zero otherwise. As shown in Appendix Figure B, the timing of the first successful nanotechnology patent application was highly heterogeneous among our sample semiconductor incumbents. We aggregated different types of alliances to the firm-year level and used a five-year sliding window to measure our independent variables: Joint venture ties with nanotechnology partners and Contractual ties with nanotechnology partners. These variables were measured as the number of the corresponding type of alliance ties formed with partners that filed at least one nanotechnology patent over the prior five years. Alliance ties with non-nanotechnology partners, the number of alliance ties with partners without nanotechnology invention activities over the prior five years, was added as a control variable along with the firm-level control variables used in the main analysis. While this firm-year level approach has the downside of aggregating multiple alliances into coarse measures of activity, it allows us to focus on the first-to-the-firm nanotechnology invention. The variance inflation factors (VIFs) are below the rule-of-thumb cutoff of 10 and within the acceptable range, with the mean VIF and maximum VIF based on Model 1 in Appendix Table B being 2.22 and 4.98, respectively.
Looking at the results presented in Appendix Table B, we found that the coefficient on Joint venture ties with nanotechnology partners is negative and marginally significant (β = -0.19, p < 0.10), whereas the coefficient on Contractual ties with nanotechnology partners is positive and significant (β = 0.38, p < 0.001). A Wald test assessing whether the two coefficients are different from each other shows p < 0.01. To understand the effect size, we calculated the hazard ratio and found that for every one unit increase in Joint venture ties with nanotechnology partners and Contractual ties with nanotechnology partners, the hazard of filing a first nanotechnology patent is decreased by 16.95% and increased by 46.87%, respectively. Together with the alliance-level analysis focusing on post-alliance adaptive invention (H6), these findings indicate that the protective alliance governance choice leads to a limited adaptive value of alliances.


Appendix Figure B. The Timing of the First Nanotechnology Patent Applications by Sample Semiconductor Incumbents
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Appendix Table B. Cox Hazard Model with Robust Standard Errors (DV: First Nanotechnology Patent Application)
	
	Model 1

	Joint venture ties with nanotechnology partners
	-0.19+

	
	(0.11)

	Contractual ties with nanotechnology partners
	0.38***

	
	(0.09)

	Alliance ties with non-nanotechnology partners
	-0.03***

	
	(0.01)

	Firm innovative capability (ln)
	1.45***

	
	(0.39)

	Firm technological diversity
	13.47**

	
	(5.13)

	Firm total assets (ln)
	0.68*

	
	(0.27)

	Firm employees
	-19.56+

	
	(10.31)

	Firm return on assets
	-7.62*

	
	(3.03)

	Firm slack
	-0.05

	
	(0.33)

	Firm R&D intensity
	0.91

	
	(2.44)

	Firm manufacturing intensity
	3.18+

	
	(1.75)

	Firm marketing intensity
	-40.77

	
	(29.50)

	Firm marketing intensity missing
	-6.03***

	
	(1.52)

	
	

	Firm country dummies
	Included

	Observations
	423

	Log pseudolikelihood 
	-25.28


Notes. Robust standard errors clustered by firm are in parentheses. Hazard ratios can be obtained by exponentiating coefficients reported for each variable.
+ p < 0.10, * p < 0.05, ** p < 0.01, *** p < 0.001

Appendix Table C. Generalized Structural Equation Model
	
	Model 1
	Model 2

	DV:
	Joint venture
	Nanotech invention

	Partner nanotechnology invention (ln)
	0.04*
	-0.66

	
	(0.02)
	(0.42)

	Partner nanotechnology invention (ln) × Specific learning capability gap
	0.02**
	

	
	(0.01)
	

	Partner nanotechnology invention (ln) × Technological overlap
	0.04
	

	
	(0.06)
	

	Partner nanotechnology invention (ln) × Prior ties
	-0.01**
	

	
	(0.00)
	

	Partner nanotechnology invention (ln) × Joint venture
	
	-1.35**

	
	
	(0.44)

	Specific learning capability gap
	-0.03
	0.68

	
	(0.03)
	(0.50)

	Technological overlap
	0.10
	-2.23

	
	(0.08)
	(1.86)

	Prior ties
	0.00
	0.10

	
	(0.00)
	(0.16)

	Joint venture
	
	0.15

	
	
	(0.62)

	Constant
	0.56
	-48.52

	
	(0.51)
	(85.56)

	
	
	

	Other variables
	Included
	

	Firm effects
	Random
	

	Year dummies
	Included
	

	Firm country dummies
	Included
	

	Observations
	1,054
	

	Log pseudolikelihood
	-4434.29
	


Note. Robust standard errors clustered by firm are in parentheses.
+ p < 0.10, * p < 0.05, ** p < 0.01, *** p < 0.001



Appendix Figure D. The Choice of Joint Venture by Partner's Nanotechnology Invention and Nanotechnology's Development Stage
[image: ]
Notes. A box plot outlines the 25th, 50th, and 75th percentiles as a shaded region. The whiskers extend to the most extreme observations within 1.5 interquartile ranges of the lower and upper quartiles. The average predicted probability per group is shown above the top whisker. "n.s." means no significant difference at the p < 0.10 level.





Appendix Figure E. The Choice of Joint Venture by Alliance Partner Type
[image: ]
Notes. A box plot outlines the 25th, 50th, and 75th percentiles as a shaded region. The whiskers extend to the most extreme observations within 1.5 interquartile ranges of the lower and upper quartiles. The average predicted probability per group is shown above the top whisker. "n.s." means no significant difference at the p < 0.10 level.



[bookmark: _Hlk180337412]Appendix Figure F. Sample Partners' Alliance Activities Before Versus After Nanotechnology Invention
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[bookmark: _Hlk178975323]Appendix G. The Changing Value of Incumbents' Complementary Assets 
In this appendix, we present the results of the analysis on the changing adaptive value of incumbents' complementary assets as the new technology evolves from the pre-commercialization phase to the commercialization phase. In particular, we analyzed a broader sample of semiconductor incumbents' alliances and examined the effect of manufacturing and marketing intensity (which we used as proxies for complementary assets) in three counterfactual circumstances: (1) semiconductor incumbents' alliances including nanotechnology-capable partners during the commercialization period (2004–2014), (2) alliances without nanotechnology-capable partners during the pre-commercialization period, and (3) alliances without nanotechnology-capable partners during the commercialization period. The results are presented in Online Appendix Table G. The upper panel shows the results from the alliance governance choice model for each counterfactual circumstance, whereas the lower panel displays the results from the post-alliance nanotechnology invention model.
Looking at Model 1, in alliances including nanotechnology-capable partners formed after nanotechnology gains commercial value, semiconductor incumbents' manufacturing intensity (p < 0.05) and marketing intensity (p < 0.10) drive the choice of a joint venture. This joint venture arrangement, in turn, positively contributes to the incumbents' post-alliance nanotechnology invention (p < 0.05). These results contrast with our main findings showing the null effect of incumbents' manufacturing and marketing intensity on the choice of the joint venture arrangement, which does not have a significant direct effect on post-alliance adaptive invention. Moving on to Models 2 and 3, in alliances without nanotechnology-capable partners, irrespective of the development stage of nanotechnology, semiconductor incumbents' manufacturing intensity and marketing intensity have positive, though mostly insignificant, effects on the likelihood of choosing a joint venture. This choice of joint venture has a negative and marginally significant effect on adaptive invention (p < 0.10) probably due to opportunity costs in terms of forgone adaptive opportunities.
Taken together, the adaptive value of incumbents' complementary assets discussed in prior work is found only when the alliance partner possesses adaptive knowledge in the new technology and when the new technology has reached the commercial level. These findings give further confidence to our theory that suggests the contingent effect of the development stage of the new technology in shaping the adaptive value of incumbents' complementary assets.


Appendix Table G. The Changing Value of Incumbents' Complementary Assets 
	A. Random Effects Logit Models with Robust Standard Errors (DV: Joint Venture)

	
	Model 1a
	Model 2a
	Model 3a

	Nanotech-capable partners:
	Included
	Not included
	Not included

	Tech development stage:
	Commercialization
	Pre-commercialization
	Commercialization

	Firm manufacturing intensity
	9.54*
	0.81
	2.42

	
	(4.12)
	(1.28)
	(6.79)

	Firm marketing intensity
	70.49+
	0.60*
	11.99

	
	(37.78)
	(0.28)
	(39.90)

	Firm marketing intensity missing
	-0.26
	0.54
	-0.83

	
	(1.10)
	(0.38)
	(0.94)

	Constant
	-39.44*
	-3.40*
	-3.33

	
	(19.88)
	(1.40)
	(15.80)

	
	 
	 
	 

	Other variables
	Included
	Included
	Included

	Firm effects
	Random
	Random
	Random

	Year dummies
	Included
	Included
	Included

	Firm country dummies
	Included
	Included
	Included

	Observations
	173
	1,987
	292a

	Log pseudolikelihood
	-48.97
	-705.04
	-62.98

	B. Random Effects Poisson Models with Robust Standard Errors (DV: Post-Alliance Nanotechnology Invention)

	
	Model 1b
	Model 2b
	Model 3b

	Nanotech-capable partners:
	Included
	Not included
	Not included

	Tech development stage:
	Commercialization
	Pre-commercialization
	Commercialization

	Joint venture
	0.08*
	-0.02+
	-0.04+

	
	(0.03)
	(0.01)
	(0.02)

	Constant
	-16.07*
	-6.87
	-6.10

	
	(6.58)
	(5.59)
	(61.11)

	
	 
	 
	 

	Other variables
	Included
	Included
	Included

	Firm effects
	Random
	Random
	Random

	Year dummies
	Included
	Included
	Included

	Firm country dummies
	Included
	Included
	Included

	Observations
	173
	1,987
	310

	Log pseudolikelihood
	-382.04
	-5478.33
	-759.02


Notes. *** p < 0.001, ** p < 0.01, * p < 0.05, + p < 0.10. Robust standard errors clustered by firm are in parentheses. The number of alliances formed by the sample semiconductor incumbents is reduced during the commercialization period compared to the pre-commercialization period. The primary reason is that the popularity of alliances peaked during the mid-1990s and declined thereafter. The downward trend was further exacerbated by the "dot-com" bubble burst and the global financial crisis. Amid these hostile market conditions, 11 sample incumbents (out of 48) went bankrupt or were sold to other firms (most of which were not semiconductor incumbents). a 2009 and 2013 observations are dropped due to the lack of variation in the dependent variable. 


Appendix Table H. Random-Effects Ordered Probit Model with Robust Standard Errors (DV: Partner Equity Involvement)
	
	Model 1

	Partner nanotechnology invention (ln)
	0.18**

	
	(0.06)

	Partner nanotechnology invention (ln) × Specific learning capability gap
	0.16***

	
	(0.04)

	Partner nanotechnology invention (ln) × Technological overlap
	0.12

	
	(0.22)

	Partner nanotechnology invention (ln) × Prior ties
	-0.04***

	
	(0.01)

	Specific learning capability gap
	-0.24+

	
	(0.13)

	Technological overlap
	0.22

	
	(0.27)

	Prior ties
	0.01

	
	(0.02)

	cut1
	0.22

	
	(1.61)

	cut2
	2.14

	
	(1.60)

	sigma2_u
	0.08

	
	(0.08)

	
	

	Other variables
	Included

	Firm effects
	Random

	Year dummies
	Included

	Firm country dummies
	Included

	Observations
	1,054

	Log pseudolikelihood
	-563.44


Note. Robust standard errors clustered by firm are in parentheses.
+ p < 0.10, * p < 0.05, ** p < 0.01, *** p < 0.001


Appendix I. Nanotechnology Invention-Based Homophilous Matching
As briefly mentioned in Footnote 24, we examined the existence of homophilous matching based on nanotechnology invention as an alternative means that nanotechnology-capable partners can consider in addition to the joint venture arrangement. The escalated risk of appropriation of adaptive knowledge pushes firms capable in the new technology to prefer less capable others as safer exchange partners presumably because such partners will have a lower capacity to absorb adaptive knowledge. The less capable parties, however, would be reluctant to agree to this matching, as the risk of appropriation of adaptive knowledge becomes more apparent to them. The logical consequence would be the homophily based on the new technology whereby firms are matched with others of similar levels of knowledge in the new technology. To examine this possibility, we built on the sample used to test H1 (Model 2 in Table 3) that predicts the likelihood of alliance formation based on the factual-counterfactual conditional logit model. Instead of the absolute number of the alliance partner's nanotechnology inventions over the prior five years used in Model 2, we measured Nanotechnology invention gap (absolute), the absolute difference between the number of five-year pre-alliance nanotechnology patent applications of the incumbent firm and that of its (factual and counterfactual) alliance partner. Likewise, the alliance partner's innovative capability was measured in relative terms (Innovative capability gap (absolute)). Robust standard errors clustered by factual-counterfactual group identifiers were used to address possible heteroscedasticity.
Model 1 in Appendix Table I shows the results based on the conditional logit model using a random sampling approach. A 1:5 ratio between factuals and counterfactuals was adopted as in Model 2 in Table 3. We found that the absolute difference in the number of nanotechnology inventions within a given dyad decreases the likelihood of alliance formation (β = -0.02, p < 0.001), suggesting a homophilous matching pattern based on pre-alliance nanotechnology invention. Like Models 7 and 8 in Table 3, we also constructed counterfactual observations using propensity score matching and coarsened exact matching techniques and found consistent results (Models 2 and 3 in Appendix Table I). Overall, these results provide evidence for the existence of homophilous matching based on nanotechnology invention, which nanotechnology-capable partners consider in addition to choosing a joint venture arrangement to address exchange hazards.


Appendix Table I. Conditional Logit Models with Robust Standard Errors (DV: Alliance Formation)
	
	Model 1
	Model 2
	Model 3

	Sampling approach:
	Random
	Propensity score
	Coarsened exact

	
	matching (1:5)
	matching (1:1)
	matching (1:1)

	Nanotechnology invention gap (absolute)
	-0.02***
	-0.02***
	-0.03***

	
	(0.00)
	(0.00)
	(0.00)

	Specific learning capability gap
	-0.05
	-0.02
	-0.03

	
	(0.04)
	(0.02)
	(0.06)

	Technological overlap
	0.53***
	0.22
	-0.71**

	
	(0.13)
	(0.16)
	(0.26)

	Prior ties
	0.31***
	0.15***
	0.49***

	
	(0.02)
	(0.03)
	(0.05)

	Innovative capability gap (absolute)
	0.00***
	0.00***
	0.00***

	
	(0.00)
	(0.00)
	(0.00)

	Partner technological diversity
	-8.76***
	-8.45***
	-12.11***

	
	(0.43)
	(0.57)
	(0.82)

	Partner semiconductor invention focus
	-3.36***
	-3.33***
	-4.23***

	
	(0.20)
	(0.25)
	(0.29)

	Partner specific learning capability
	-0.96***
	-0.60***
	-1.15***

	
	(0.10)
	(0.12)
	(0.20)

	Industry overlap
	0.57***
	0.50***
	0.63***

	
	(0.07)
	(0.09)
	(0.11)

	Same country
	1.19***
	1.06***
	

	
	(0.04)
	(0.07)
	

	Portfolio size (ln)
	-7.82***
	-29.73***
	-12.65*

	
	(1.75)
	(5.44)
	(4.96)

	Portfolio nanotechnology partners 
	3.23+
	18.01***
	6.99*

	
	(1.73)
	(3.43)
	(2.85)

	Portfolio technological diversity
	-6.61
	37.12*
	-60.04*

	
	(8.82)
	(14.54)
	(27.43)

	
	
	
	

	Observations
	28,578
	9,526
	8,106

	Pseudo R-squared
	0.365
	0.354
	0.383

	Log pseudolikelihood
	-5417.95
	-2134.16
	-1734.18


Note. Robust standard errors clustered by factual-counterfactual group identifiers are in parentheses.
+ p < 0.10, * p < 0.05, ** p < 0.01, *** p < 0.001
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